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ABSTRACT
Stress Response Genes in the Human Proximal Tubules
Doyeob Kim
The heat shock proteins (hsps) are believed to provide protection against
a variety of insults such as elevated temperature, heavy metals and chemical
agents. The goal of this study was to determine if the immortalized HK-2 human
proximal tubule cell line could provide a model system to study the stress
response of the proximal tubule cell. Heat stress, elevated temperature at 42.5
ºC for 1 hr, caused a marked increase only in hsp 70 mRNA and protein, but not
that of  hsp 27 or hsp 60 mRNA and protein. Similar results were obtained when
the cells were subjected to 100 µM sodium arsenite or 53.4 µM CdCl2 for 4 hrs.
These findings were in contrast to those found previously with mortal human
proximal tubule (HPT) cells, where acute stress by all three stimuli elicited
marked increases in hsp 27, hsp 60 and hsp 70 mRNA and protein. The basal
levels of expression of hsp 27 and hsp 60 in the HK-2 cells were elevated
compared to unstressed HPT cells. These results suggest that failure of HK-2
cells to increase hsp 27 and hsp 60 levels in response to stress is because of
their elevated basal levels, indicating that the genetic events that resulted in the
immortalization of the HK-2 cells also elicited a stress response for hsp 27 and
hsp 60, but not for hsp 70. Thus, there are differences in the regulation of the
stress response between the immortal HK-2 and mortal HPT cell lines, and as
long as these differences are recognized, the HK-2 cell line should be a valuable
adjunct to study the stress response of the proximal tubule in general and when
exposed to environmental pollutants such as cadmium.
The metallothoneins (MT) are a family of cysteine-rich, low molecular
weight (6 kD), intracellular proteins that bind transitional metals. The goal of this
study was to further characterize the basal expression of MT-3 in the in situ
human kidney, in mortal human proximal tubule (HPT) cell cultures and the
immortalized proximal tubular cell line, HK-2. MT-3 mRNA was detected in the
proximal tubule of the in situ kidney with relative expression in excess to that of
the ∃ -actin housekeeping gene. Human proximal tubule cells also expressed
both MT-3 mRNA and protein, and were able to form domes. Exposure of HPT
cells to Cd+2 resulted in a transient increase in MT-3 mRNA and protein. In
contrast, the HK-2 cell line did not express MT-3 and did not form domes. Stable
transfection of the HK-2 cell line with the pcDNA3.1/Hygro(+) vector containing
the MT-3 gene restored MT-3 expression and dome formation to the HK-2 cells.
This result demonstrated that MT-3 is involved in the transport function of a
human renal cell line that retains properties of the proximal tubule.
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INTRODUCTION AND REVIEW OF LITERATURE
2
A variety of stresses can be divided into 3 categories; Environmental (heat
shock, UV irradiation, and toxic chemicals), physiological (metabolic state, pH,
redox state) and pathological (infection, inflammation, tissue injury and cancer)
stresses. Heat shock proteins (HSPs) and  metallothioneins (MTs) are some of
the major stress response proteins in cells that function for the protection against
most of the stresses. The human kidney, especially the proximal tubule (PT), is
one of the most susceptible sites to chronic exposure of cadmium (Cd+2).
However, the role of the stress response proteins for renal cells against
nephrotoxicity has yet to be performed, especially using human proximal tubule
cell culture. The overall goal of this project was to elucidate the expression and
functions of the two major stress response systems, Hsps and MTs in the human
proximal tubule cells using cell culture technique.
The hsps are members of a large superfamily of stress response proteins
with molecular mass ranging from 8 to 170 kD, with the members referred to as
hsp 27, hsp 60, hsc 70 (constitutive form), hsp 70 (inducible form), and hsp 90
being the proteins classically identified to be induced as a result of heat
treatment of human cells. In mammalian cells, the synthesis of hsps is induced
not only by heat, but also by a variety of stimuli, such as heavy metals, cytotoxic
drugs, glucose deprivation, and virus infection (1).
The hsps are known to be involved in protein-protein interactions such as
synthesis, assembly and disassembly, translocation, folding, stabilization,
prevention of aggregation, and secretion (2). They also have been implicated in
the regulation of other important cell functions, such as signal transduction,
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proliferation and apoptosis (4, 5), and differentiation. In mammals, hsp 27, which
belongs to small hsps, resides in the cytosol and confers thermotolerance by
stabilization of microfilaments (6). Hsp 60, mainly located in the mitochondria,
refolds aggregates of denatured protein and helps protein degradation in
proteolytic systems (7). Hsp 70 and hsc 70 in the cytosol or the nucleus interact
with newly synthesized polypeptides, act in signal transduction, and have
antiapoptotic activity by binding to apoptosomes (complex of Apaf-1, cytochrome
c and pro-caspase 9) (8, 9). Hsp 90 interacts with steroid hormone receptors,
tyrosine kinases, and serine/threonine kinases in the cytosol and is involved in
cell cycle and proliferation (10, 11, 12).
In eucaryotes, heat shock factors (HSF) are the major transregulatory
proteins in the regulation of hsp genes, which recognize the heat shock elements
(HSEs) located in the hsp gene promoters (13). There are at least four HSFs
(HSF1~HSF4) isolated from the human (14). Most HSFs contain a conserved
DNA-binding domain (helix-turn-helix) located near the N-terminus, three leucine
zippers involved in trimerization of the factor, an additional leucine zipper at the
C-terminus except for HSF4 inhibiting trimerization of the factor, and some
transactivational domains at the end of C-terminus (15). HSF1 and 3 have their
primary role in the stress-induced expression of hsp genes (16). HSF2 is
activated during specific stages of development and differentiation (26). HSF4 is
expressed in some specific tissues, has constitutive DNA binding activity, and
acts as a negative regulator of hsp expression (17). HSF1 is located in the
cytoplasm as an inactive monomer, bound to Hsp 70 and other chaperones
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under normal conditions. HSF1 is activated when non-native proteins appear as
a result of stress. HSF1 monomers translocate to the nucleus, oligomerize to a
trimeric state to be phosphorylated, and bind to HSE located upstream of hsp
genes, inducing transcriptional activation and synthesis of heat shock proteins.
As the HSPs accumulate in the cytoplasm after stress has abated, some
chaperones relocalize to the nucleus and bind to HSF1 to repress hsp gene
transcription and to dissociate trimers, thereby changing the HSF1 state to the
inactive monomers (18).
It has been demonstrated that exposure of cells to a variety of stresses
activates some major signaling pathways in which hsps are involved. A variety of
stresses can produce denatured or misfolded proteins which trigger the activation
of HSF-1 in the nucleus. Hsp 70 can refold the misfolded proteins in the cytosol.
UV irradiation can directly induce DNA damage which activates apoptotic cell
death involving cytochrome c release from mitochondria and caspase. Hsp 70
has been shown to negatively regulate apoptosis mediated by apoptosomes (19).
DNA damage can also activate Fas/FasL ligand, inducing caspase-dependent
apoptotic pathway without cytochrome c release from mitochondria. Stress can
switch inactive p53 to its active form, thereby inhibiting the trascription of early
response genes. Stress such as Cd+2 also increases reactive oxygen species
(ROS) which cause the release of cytochrome c from mitochondria, thereby
activating downstream caspases. Hsp 27 was shown to control the signaling
pathways which ROS activate (20). Some stresses may also activate stress-
activated protein kinases (SAPKs) or c-Jun n-terminal kinases (JNKs) which
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induce the caspase-dependent apoptotic pathway. Hsp 70 was suggested to
down-regulate the activation of these kinases (21). From these studies, it has
been shown that hsps are involved in the negative regulation of apoptotic cell
death. There might be some checkpoints where the cells repair damage or
undergo apoptotic or necrotic cell death. At these points, the heat shock
response can act as a cytoprotectant. If cells have a low level of damage, the
heat shock response is activated and protects cells until they restore the normal
conditions. However, high level of hsps having protective effects on cell death
may affect tumorigenesis (22). That is, excessive down-regulation of apoptosis
by aberrant hsp expression can cause transformation of normal cells (23). A wide
range of tumors has been shown to overexpress hsps (24), suggesting that hsps
may be useful biomarkers. The abnormally high expression of hsps in cancer
cells may switch the normal functions of some transcription factors and proteins
involved in cell growth, differentiation, and apoptosis to altered functions.
Two environmental toxicants are dealt with in this study; arsenite and
cadmium. Arsenic is a human carcinogen. The trivalent form of arsenic, arsenite,
is very toxic in humans (25). Arsenite is subject to methylation mainly in the
human liver by S-adenosyl-methionein (SAM) as a cofactor and
methyltransferases. A suggested mechanism of arsenic carcinogenesis is that
excessive amounts of arsenite can cause methyl group depletion, inducing DNA
hypomethylation in the cell (26). DNA hypomethylation enhances aberrant gene
expression, thereby facilitating transformation of normal cells.
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Cadmium, a widely distributed environmental pollutant, is highly toxic (38).
Acute exposure to Cd+2 induces hepatic, pulmonary injury, and chronic exposure
produces renal and bone injury (27). It has been known that Cd+2 and other
metals activate transcription of hsps. Although the mechanism is still unclear,
reactive oxygen species (ROS) generated by Cd+2 can induce hsps transcription
(28). The ROS may activate some signal transduction system phosphorylating or
dephosphorylating heat shock factors (HSF) or other unknown factors which are
related to the activation of hsp expression (29). It was also found that in addition
to the heat shock elements (HSEs) as the binding targets for HSF, other
transcription elements such as TATA, GC, and CCAAT boxes where multiple
transcription factors bind are important in the regulation of the heat shock genes
(30).
Most studies so far have been performed with the roles of hsps in protein-
protein interaction, signal transduction and so on. However, since there are a
very limited number of studies on mediating cell protection against environmental
insults, it would be valuable to study the function of hsps as possible mediators in
human cadmium-induced nephrotoxicity using human proximal tubule (HPT) cells
which are the primary sites of damage following chronic exposure to
environmental cadmium. It would be valuable to study the pattern of hsp
expression and regulation using normal HPT cells. But, to define the role of a
particular hsp in the protection of HPT against Cd+2, the appropriate experimental
design would be to overexpress a hsp gene of interest under the control of strong
and constitutive promoter by stable transfection of immortal cells. If the cells
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overexpressing a specific hsp gene confer resistance to the lethal effect of Cd+2,
the hsp is involved in the protection of cells from Cd+2-induced toxicity. Rather
than mortal HPT cells, the HK-2 cell line derived from the primary HPT cells and
immortalized by transfection with the HPV E6/E7 genes will be a better choice for
this study (31). This cell line has been shown to be immortal, non-tumorigenic, to
have most of the biochemical characteristics that HPT possesses, and to
produce monolayer cell cultures that retain many features expected of well-
differentiated proximal tubule cells.
The MTs consist of 60 to 68 amino acid residues, among them 20 Cys,
arranged to bind a total of 7 equivalents of mono- (Pt+, Ag+, Cu+), bi- (Zn+2, Cd+2,
Hg+2, Pb+2, Ni+2, Co+2), and trivalent (Sb+3, Bi+3) metal ions. Their molecular
weight range is 6-7 kDa. MTs have two globular metal-binding domains, α (C-
terminal region) and β (N-terminal region). MTs have been shown to be involved
in metal homeostasis during growth and development (32) such as for zinc (Zn+2)
and copper (Cu+), in the detoxification of heavy metals such as cadmium (Cd+2)
and mercury (Hg+2) (33, 34), and in scavenging reactive oxygen species such as
hydroxyl radicals (35, 36). Some studies suggest that MTs can play a role in
tumor cell resistance to chemotherapy (37), in supplying Zn+2 to zinc-finger
transcription factors, as tumor proliferation markers (38), and as possible
modulators of immune function (39).
There are four families of MT genes: MT-1, MT-2, MT-3, and MT-4. Most
cells express constitutive levels of MT, although they vary with cell type (40), and
differential expression of human MT isoforms can be detected in various cell
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types (40). The MT-1 and MT-2 isoforms are the ubiquitously expressed isoforms
in different tissues. The human MT-3 and MT-4 genes are within 85 kb of the
other MT genes on human chromosome 16 (41, 42). MT-3 is preferentially
expressed in the brain (41). However, it has also been detected in the maternal
deciduum, reproductive tissues, stomach, heart, and kidney (43, 44). The mouse
and human MT-4 genes have been cloned and the expression of the genes is
likely to be restricted to squamous epithelial cells (42).
MT plays a primary role in metal detoxicification. MTs can hold up to 7
metal ions. The metal binding may stabilize the overall structure of MTs,
preventing the susceptibility to proteolysis. The order of the binding affinity of
several bivalent metal ions for MT is Zn+2 < Pb+2 < Cd+2 < Hg+2 (45). MTs
primarily bind zinc under physiological conditions, but they have a high affinity for
potentially toxic heavy metals. Exposure to heavy metals leads to a significant
increase of MT expression in most tissues such as liver and kidney (46). This
induction is mediated by the metal transcription factor-1 (MTF-1). MTF-1 is a
ubiquitously expressed 69 to 80-kDa protein that is necessary for MT expression
(47). The N-terminus of MTF-1 has 6 zinc fingers of cysteine2-histdine2 type that
possess the DNA-binding activity and the C-terminus contains three
transcriptional activation domains such as an acidic activation domain and a
proline-rich region, and a serine-threonine-rich domain which is a potential
phosphorylation region. The binding targets for MTF-1 are metal-responsive
elements (MREs) (48). General cis-acting elements in MT promoter are six metal
regulatory elements (MREa~MREf), MRE-c’, GC box (Sp1 binding site),
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glucocorticoid response element (GRE), antioxidant response element (ARE),
and locus control region (LCR). MREs and ARE are involved in basal, heavy
metal-induced and oxidative stress-induced MT expression. MRE-d has been
demonstrated to confer the most effective metal responsiveness of all the six
MREs (49). MRE-c’ and GC box (by Sp1) are for the basal expression of MT,
GRE for glucocorticoid-induced MT expression, and LCR for the MT regulation at
the chromatin level. Each element has the binding site for the different
transcription factors. MTF-1-/- mice, homozygous for MTF-1 deletion, did not
survive more than two weeks post-implantation (50). On the contrary, MT-1 and
MT-2 knockout mice seemed to be normal. Therefore, MTF-1 plays a more
important role in the development than MTs.
Several lines of evidence suggested that the mechanisms of Zn+2 and
other heavy metals to up-regulate MT expression via MTF-1 transactivation are
somewhat different. Zinc treatment rapidly increased MTF-1 DNA binding activity
(51), which suggests that DNA binding of MTF-1 is regulated allosterically by
binding of zinc for MTF-1 to increase MT gene expression. Heavy metals (Pb+2,
Cu+, and Hg+2) can activate MTF-1 DNA binding activity by displacing zinc from
zinc pool or ZnMT, and subsequently released zinc activates DNA binding of
MTF-1. However, It was found that Cd+2 has no effect on the DNA binding activity
of MTF-1 (52). Rather, Cd+2 may stimulate kinases to activate MTF-1 by
phosphorylation. (53), that is, the metal can phosphorylate MTF-1 to increase its
transactivation potential by activating a signalling pathway including protein
kinase C, c-Jun N-terminal kinase, phosphoinositol-3 kinase and tyrosine protein
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kinase (54). Phosphorylated MTF-1 induces MT gene expression by binding to
MREs.
It was reported that cadmium-resistant cell lines expressing high levels of
MT exhibited high resistance to the toxicity of other metals (55). Pretreatment of
rat hepatocytes with zinc increased protection against the toxic effects of heavy
metals through increased MT expression (56). MT-1 overexpressing mice
showed more tolerance to hepatotoxicity resulting from cadmium treatment than
control mice (57). In addition, there was an increasing susceptibility to Cd+2-
induced liver injury in MT-null mice (58). These reports demonstrated that MT
provides a protective effect against Cd+2 toxicity, and the function of MT in metal
detoxicification might be due to its capability for metal sequestration.
There is a theory how Cd+2 generates nephrotoxicity (59). Cd+2 can bind to
MT and be sequestered in the liver with the form of CdMT where it is initially
taken up. Some CdMTs leak into the plasma and then are absorbed by the
kidney. Cd+2 is released in the lysosomes of the kidney and can bind to MT in the
cytosol. However, nephrotoxicity is induced when critical amounts of Cd+2
accumulate in the cytosol of the kidney.
MTs are induced by radiation, hyperoxia, ethanol, and tert-butyl
hydroperoxide, as a free radical scarvenger (60,61). The sensitivity of cells was
enhanced by oxidative stress when the metallothionein-deficient cells were
exposed to anticancer drugs or cadmium, and overexpression of metallothionein
alleviated the sensitivity of cells to free radicals (62). The mechanism of acute
cadmium toxicity may involve several aspects including oxidative damage and
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aberrant gene expression,and MT null state aggravates Cd+2-induced abnormal
gene expression (63). It implies that MTs may act as an antioxidant. However,
the mechanism by which MT protects against oxidative stress is still unclear. It
has been suggested that the thiolate clusters of MT are the binding sites for
hydroxyl radicals (64). Reduced glutathione (GSH) has less effect on the
reduction in lipid peroxidation, an indicator of oxidative damage, than MT does
(65). However, during oxidative stress, increased amount of oxidized glutathione
(GSSG) releases zinc from ZnMT to apometalloproteins and zinc-finger proteins,
such as MTF-1, thereby activating the expression of proteins, such as MTs.
Therefore, switch of redox status of cells by oxidative stress can regulate MT
gene expression. In addition, free radicals were shown to interact with MTs to
release Zn+2 and influence redox state (66). Although Apo-MT which released
Zn+2 from ZnMT as a result of oxidative stress is destined to degradation, free
Zn+2 can activate MTF-1 followed by induction of new MTs (67).
MT overexpression was shown to protect the heart muscle cells in mice
from the cardiotoxicity of doxorubicin, an anticancer drug (68). It was suggested
that the protection of cardiac cells by MTs results from MTs scavenging ROS
produced by the metabolism of doxorubicin and causing lipid peroxidation and
other oxidative damage in the cardiac cells.
MTs are found in the nucleus during the S phase and mRNA of the MT-I
isoform can be located in the vicinity of the nucleus. The translocation
mechanism of MTs into the nucleus is mysterious, because MTs do not possess
a nuclear localizing signal. The 3’-UTR (untranslated region) of MT mRNA is
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thought to be associated with the perinuclear cytoskeleton (69). In other words,
MT protein is synthesized by polyribosomes closely located near the perinuclear
cytoskeleton and transported into the nucleus. It is proposed that MTs in the
cytosol may play a role in metal detoxification and protection from oxidative
stress, whereas MTs in the nucleus may be involved in protection against DNA-
damaging electrophiles. MTs offer protection from DNA damage resulting from
UV light, suggesting the role of MTs in scavenging free radicals produced by UV
radiation and its localization in the nucleus when there is a DNA damage (70).
However, the relationship between MT localization and functions of MT should be
more clarified.
As for the function of MT in homeostasis of the essential metals, Zn+2 and
Cu+ are the major metals which bind to MT. MT-1 overexpressing transgenic
mice are more resistant to zinc deficiency (71), and kidney development in the
MT-null mice was impaired when they were fed a Zn-deficient diet (72). These
reports suggest that MTs play a role in maintaining Zn homeostasis. However,
MT-null mice appear to live normally, there is still a remaining question whether
MT has a direct physiological role in zinc homeostasis. When a high amount of
zinc is absorbed into the cells, zinc can induce MT expression via MTF-1
activation. The induced MT binds the absorbed free zinc, which reduces the
amount of free zinc to induce more MTs. Then, MT returns to basal level.
However, if zinc is deficient in the cells, MT might be degraded to release zinc to
the cytosol. The free zinc will be used for zinc-dependent gene regulatory
proteins (73). So zinc transfer from MT appears to depend on the specific needs
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of cells or animals and zinc can be utilized for metabolic processes, stored in
new tissues, or excreted. This theory is related to the function of MT in the
homeostatic regulation of zinc metabolism. There are a mumber of cellular
proteins that require zinc for their biological activity. It includes DNA and RNA
polymerases, some transcription factors such as zinc-finger proteins. MTs
regulate their functions by switching from zinc donor to zinc recipient (apo-MT) or
vice versa. For example, the DNA binding activity of zinc-finger transcription
factors such as TFIIIA and Sp1 is known to be inactivated by Apo-MT (74).
The homeostatic regulation of copper metabolism by MT in liver was
similar to that of zinc metabolism (75). When copper is absorbed from the
intestine and transported to the liver, it binds to MT by dispacing zinc in ZnMT. If
there is not enough MT available, copper interacts with the trans-acting factors
that bind to the MT genes and enhances MT synthesis. The newly synthesized
MT binds the excess copper ions. Likewise, the amount of free copper ions is
reduced and MT is no longer synthesized.
For the regulation and tissue-expression of MTs, it has been suggested
that there are some important components (76): DNAse 1 hypersensitive (HS)
sites, chromatin structure, and methylation at the 5’ position of cytosine in CpG
dinucleotides. It was shown that some DNAse 1 HS sites are located 7 kb
downstream of MT-1 gene and 10 kb upstream of MT-2 gene that provide tissue-
specific expression. Deacetylation of histones can help the stabilization of
nucleosomes or formation of condensed chromatin structures, whereas
acetylation of histones may open the condensed chromatin structure. The
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regulation of chromatin structure by histone acetylation/deacetylation probably
controls DNAse 1 HS sites in MTs and other proteins as well. It was
demonstrated that some inducers of MT-1 could produce DNAse 1 HS sites
within MREs of MT-1 promoter and also form active chromatin structure to help
MTF-1 bind to MREs. Methylation of CpG islands is related to gene silencing and
has an effect on development, inactivation of X chromosome, and silencing of
tissue-specific genes (77). Generally, methyl-CpG islands in a promoter can
inhibit the binding of transcription factors to the promoter and suppression of
gene expression by methylation of CpGs requires methyl-CpG binding proteins
(MeCPs). Methylation of CpG islands is probably due to the presence of DNA-
methyltransferase (DNA-MTase). It was shown that methylation of different
MREs differentially affected binding of MTF-1 (78). In addition, it was suggested
that methylation of CpG islands alters chromatin structure by positioning
nucleosomes on the MT promoter, inhibiting the binding of transcription factors
such as MTF-1 and Sp1 to the promoter (79). Taken together, DNAse 1
hypersensitive (HS) sites, chromatin structure, and methylation in CpG
dinucleotides are all important and closely related to each other for the regulation
and tissue-expression of MTs.
The proximal tubule absorbs 80% of bicarbonate, 50% of NaCl, and most
of the organic solutes filtered at the glomerulus (80). One of the characteristics of
proximal tubule cells in cell culture is that they are able to form domes. The dome
of the cell monolayer is an out-of-focus area, which can be seen upon light
microscopic examination. It is a lifting between the epithelial cell monolayer and
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the culture dish, where fluid has been trapped underneath the monolayer owing
to active transport of ions and water across the cell monolayer in an apical to
basolateral direction (81). Some known requirements of dome formation are
functional plasma membrane polarization, formation of occluding junctions (tight
junctions), and vectorial transepithelial active ion transport. The dome formation
is a hallmark of cultured renal epithelial cells that retain the in situ property of
vectorial active transport (82). It was found that ouabain, a Na+-K+ ATPase
inhibitor, blocked the formation of domes (83). Therefore, the Na+-K+ ATPase
provides a driving force for transepithelial ion and fluid transport.
In order to be differentiated, the proximal tubule cells should generate
some of the characteristic functions such as microvilli, occluding junction, cell
polarity and active transport. As previously described, most of these functions are
the requirements of dome formation, a phenomenon implying that the cells are
differentiated, thereby expressing the characteristic functions.
The motivation of this study is based on the facts that the human proximal
tubules are the primary site where most toxic substances are absorbed after
filtration in the glomerulus of the kidney. Heat shock proteins and
metallothioneins are the most important stress response proteins during stress
conditions, and that chronic nephrotoxicity occurs when the critical amount of
toxic compounds reaches the kidney. This research is especially focused on the
MT-3 isoform which has received comparatively more interest due to the fact that
it was first identified in a search for a neuronal growth factor whose
16
Adapted from Lever, J. E., Inducers of dome formation in epithelial cell cultures
including agents that cause differentiation, Chapter 1. In Tissue Culture of
Epithelial Cells, Edited by Taub M, New York, Plenum Press, pp 3-22, 1985.
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dysregulation might be involved in the inappropriate formation of neurofibrillary
tangles in brains of individuals with Alzheimer’s disease (44). This protein, which
was originally called growth inhibitory factor (GIF), was shown to retain all the
characteristic features of the traditional MTs and was renamed MT-3 (41). Based
on studies in the mouse, MT-3 was designated as a brain-specific MT with
expression limited to cells of neural origin (41). In addition to a restricted tissue
distribution, there are other features of MT-3 that are unique compared to the
highly characterized MT-1 and MT-2 isoforms. At the level of transcription, MT-3
is not inducible by most of the stimuli that normally increase MT-1 and MT-2
gene transcription in liver and brain (41, 84, 85). There is also evidence that the
regulation of tissue-specific MT-3 expression does not involve a repressor and
that the metal response elements (MREs), which are the binding targets for the
transcription activating factor (MTF-1) are present in the promoter region of the
MT-3 gene as well as other MT genes, and are nonfunctional (86). Structurally,
the MT-3 isoform possesses 8 additional amino acids that are not present in any
other members of the MT gene family, a 6 amino acid C-terminal sequence and
two prolines in the N-terminal region (41, 44). Functionally, MT-3 has been
shown to exhibit a neuronal cell growth inhibitory activity which is not duplicated
by the other human MT classes. This non-duplication of function occurs despite a
63-69% homology in amino acid sequence among MT-3 and the other human
MT isoform. There is also evidence to suggest that the interactions with zinc can
be different between MT-3 and the other MT isoforms (87).
18
The interest of this research in the role of MT-3 in the renal system comes
from the unexpected finding that MT-3 mRNA was present in total RNA isolated
from human kidney tissue and cell cultures derived from the human proximal
tubule (88). That MT-3 protein was expressed in the in situ human kidney was
subsequently confirmed by immunolocalization using an antibody directed
against the human MT-3 protein (89). Human proximal tubule cell cultures retain
many of the structural and functional features of differentiation expected of cells
derived from the proximal tubule and could serve as a good model to study Cd+2-
induced nephrotoxicity. These cells upon reaching confluency halt proliferation
and become highly polarized due to tight junction formation and are capable of
vectorial active transport as noted by dome formation (81). The immortal HK-2
cell line which is derived from cultures of HPT cells retains many features of the
proximal tubules but lack vectorial active transport (90). The goals of this study
were to further characterize the basal expression of MT-3 in the proximal tubules
from the kidney, to determine if MT-3 is induced by Cd+2, if MT-3 is involved in
Cd+2 resistance, and if MT-3 participates in the maintenance of the proximal
tubule cell function of vectorial active transport.
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Stock cultures of HPT cells previously isolated by the procedure described
by this laboratory were used in the present studies (1). Three isolates of HPT
cells were used and these isolates were derived from normal cortical tissue
obtained from kidneys removed for renal cell carcinoma. The kidneys were from
a 72-year-old female, a 63-year-old male, and a 58-year-old female. Also, stock
cultures of the immortalized HK-2 cell line were grown in 75 cm2 T-flasks using
the same serum-free growth formulation (2). The formulation of the growth
medium consisted of a 1:1 mixture of Dulbecco’s modified Eagles’ medium
(DMEM) and Ham’s F-12 growth medium supplemented with selenium (5 ng/ml),
insulin (5 µg/ml), transferrin (5 µg/ml), hydrocortisone (36 ng/ml), triiodothyronine
(4 pg/ml), and epidermal growth factor (10 ng/ml). The cells were fed fresh
growth medium every 3 days and were subcultured at confluence (normally 3-6
days post subculture). To subculture, the culture medium was removed and the
flasks were rinsed with 10 ml of sterile PBS. Cells were treated with 3 ml of
trypsin-EDTA (Gibco-BRL, Cat No. 25300-062), and the flasks were placed on a
37°C hot plate. The cells were trypsinized until they appeared completely
dissociated (approximately 10 minutes) and the cell suspension was transferred
to a 15 ml conical tube. The flasks were rinsed with 10 ml of PBS, and the wash
was added to the tube containing the trypsinized cells. The tube was centrifuged
for 5 minutes at 10,000 rpm, after which the supernatant was removed and the
cell pellet was thoroughly resuspended in 10 ml of medium. Aliquots of 5 ml of
cell suspension were transferred to T-75 flasks containing 10 ml of the growth
33
medium. Stock cultures of HTP cells and HK-2 cell line were maintained in 75
cm2 T-flasks using the serum-free growth formulation.
LASER CAPTURE MICRODISSECTION
The PixCell IITM LCM System (Arcturus Engineering, Mountain View, CA)
was used for laser capture. Five µm thick sections were cut from formalin-fixed,
paraffin embedded tissue blocks of human kidney obtained from the pathology
archives and mounted on plain glass slides. The slides were stained with
hematoxylin and eosin. Total RNA was extracted from samples using the micro
RNA isolation kit (Stratagene, La Jolla, CA, Catalog No: 200344).
EXPOSURE OF HK-2 CELLS TO HEAT, SODIUM ARSENITE, AND CdCl2
FOR HEAT SHOCK PROTEIN EXPRESSION
For hsp expression in HK-2 cells, heat, sodium arsenite, and CdCl2 were
used as the stress stimuli. T-25 flasks were subcultured at a 1:4 ratio from T-75
flasks of HK-2 cell cultures. The cells were fed with 5 ml of fresh media 24 hours
after subculture and every 72 hours for seven days. Excluding the one hour of
heat stress, HK-2 cells were maintained at 37°C for the duration of the
experiment.
A 15 lbs. brick, two plastic baskets were warmed to 44°C in a water bath
and kept at constant temperature for 30 minutes. During this time, four control
flasks were removed from the incubator to obtain RNA and SDS total protein
samples. These RNA and SDS total protein control samples were collected into
individually labeled tubes and frozen at -70°C before the experiment.
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The temperature dial on the water bath was re-adjusted to 42.5°C.
Quickly, 40 HK-2 cell flasks (two for RNA samples and two for protein samples in
ten time courses) were taken from the incubator and the cap of each flask was
very securely tightened. The baskets were removed from the water bath and the
flasks were carefully arranged in the bottom basket. The second basket was
placed on top of the flasks and the brick was placed in the top basket. The flasks
were immediately submerged, and the water temperature was monitored at 42.5
± 1°C with constant stirring for one hour. The water temperature was initially set
at 44°C to compensate for the 1.5 ± 1°C lowering in temperature resulting from
the addition of the flasks. After one hour at 42.5°C, the flasks were removed from
the water bath and dried by an assistant while four flasks were randomly selected
in duplicate, two RNA and two SDS total protein samples. Dried flasks were
placed in 37°C incubator for a 48 hour recovery period, and RNA and SDS total
protein samples were collected after 1, 2, 4, 8, 12, 16, 24, 36 and 48 hours from
the recovery. Methods for the isolation of RNA and SDS total protein are
described below.
For sodium arsenite exposure, T-75 flasks of HK-2 cell cultures were
subcultured at a 1:4 subculture ratio into six-well plates. The cells were fed with 2
ml of fresh media 24 hours after subculture and every 72 hours until the
experiment was initiated when cells were confluent. The final feeding was 24
hours prior to starting the experiment. Cells were maintained in a 37ºC CO2
incubator for the duration of the experiment.
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A 100 µM NaAsO2 solution in freshly prepared complete serum-free
medium was made just prior to exposing the cells. RNA and SDS total protein
samples were obtained in triplicate no more than one hour prior to the start of the
experiment. Cells were fed with 2 ml per well with the 100 µM NaAsO2 solution,
and incubated at standard conditions for four hours. RNA and SDS total protein
samples were collected in triplicate at one, two and four hours of exposure to
sodium arsenite. After four hours of exposure all of the cells were fed with 2 ml of
freshly prepared medium and subsequently incubated for 48 hours. RNA and
SDS total protein samples were obtained in triplicate for each recovery time point
(4, 8, 12, 16, 24, 36 and 48 hours). Both the exposure and the recovery times
were plotted from the time the plates entered the incubator. Methods for the
isolation of RNA and SDS total protein are described below.
For CdCl2 exposure, subculture, feeding and maintaining of cells before
the experiment were the same as those for sodium arsenite exposure. A 53.4 µM
CdCl2 solution in freshly prepared complete serum-free medium was made just
prior to exposing the cells. RNA and SDS total protein samples were obtained in
triplicate no more than one hour prior to the start of the experiment. Cells were
fed with 2 ml per well of the 53.4 µM CdCl2 solution, and incubated at standard
conditions for four hours. RNA and SDS total protein samples were collected in
triplicate at one, two and four hours of exposure to CdCl2. After 4 hours of
exposure all of the cells were fed with 2 ml of freshly prepared medium and
incubated additionally for 48 hours. RNA and SDS total protein samples were
obtained in triplicate for each recovery time point (4, 8, 12, 16, 24, 36 and 48
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hours). Both the exposure and the recovery times were plotted from the time the
plates entered the incubator. Methods for the isolation of RNA and SDS total
protein are described below
For 16 days of CdCl2 exposure, subculture, feeding and maintaining of
cells before the experiment were the same as those for sodium arsenite
exposure. After seven days the cultures were confluent, 0.9, 2.2 and 4.5 µM
CdCl2 solutions were prepared in fresh serum-free medium. Cells were fed with
one of the three concentrations of CdCl2 such that over a 16-day time course at
least one concentration would result in appreciable cell death, or complete
serum-free medium without CdCl2. HK-2 cells were fed with same concentration
of CdCl2 in fresh medium every 72 hours for 16 days. RNA and SDS total protein
samples were isolated in triplicate from cultures 24 hours after each feeding.
RNA and SDS total protein are described below.
EXPOSURE OF HPT CELLS TO CdCl2 FOR 48 HOURS AND 16 DAYS FOR
MT-3 EXPRESSION
For 48 hours of CdCl2 exposure, T-75 flasks of HPT cell cultures were
subcultured at a 1:2 subculture ratio into six-well plates. The cells were fed with 2
ml of fresh media 24 hours after subculture and every 72 hours until the
experiment was initiated. The final feeding came 24 hours prior to starting the
experiment. Cells were maintained at standard conditions for the duration of the
experiment.
After seven days the cultures were confluent, 9, 27 and 45 µM CdCl2
solutions were prepared in fresh serum-free medium. HPT cells were exposed
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continuously to one of the three concentrations of CdCl2 or complete serum-free
medium without CdCl2 for 48 hour time course. RNA and SDS total protein
samples were isolated in triplicate from cultures. RNA and SDS total protein are
described below.
For 16 days of CdCl2 exposure, T-75 flasks of HPT cell cultures were
subcultured at a 1:2 subculture ratio into six-well plates. The cells were fed with 2
ml of fresh serum-free media every 72 hours after subculture for seven days.
After seven days the cultures were confluent, the same concentrations of CdCl2
solutions used for 48 hours of CdCl2 exposure of HPT cells were prepared in
fresh serum-free medium. Cells were fed with one of the three concentrations of
CdCl2 or complete serum-free medium without CdCl2. Subsequent feeding HPT
cells and isolating samples were the same as those of HK-2 cells. RNA and SDS
total protein samples were isolated in triplicate from cultures 24 hours after each
feeding. RNA and SDS total protein are described below.
ISOLATION OF RNA
RNA was isolated from HPT and HK-2 cells using the TRI Reagent
protocol (Molecular Research Center, Inc. Cincinnati, OH, USA). Samples were
prepared first by moving media from the well or flask and rinsing the cells with
PBS. The PBS wash was discarded and 1 ml of TRI Reagent  was added per
well of a six-well plate (2 ml per T-25 flask). Cells were incubated at room
temperature for 10 minutes to completely disrupt cells. Cell lysates were passed
several times through a sterile 1 ml pipette to shear DNA before transferring to a
sterile 1.5 ml microfuge tube. The cell lysates were stored at -70°C.
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To isolate RNA, samples were thawed at room temperature and a 100 µl
of 1-bromo-3-chloropropane (BCP) reagent was added to each tube. The tubes
were vortexed vigorously for 30 seconds, centrifuged at 4°C for 10 minutes at
12,000 x g, and the transparent upper aqueous phases were transferred to clean
RNase-free microfuge tubes. To the aqueous layer, 500 µl of isopropanol was
added to precipitate the RNA and the tubes were gently inverted several times.
Samples were incubated at room temperature for 10 minutes and then
centrifuged for 10 minutes at 12,000 x g. The supernatant was removed and the
RNA pellets were washed twice with 1 ml of 75% ethanol. The pellets were
thoroughly dried at room temperature for 10 minutes. Cell pellets were
resuspended in 20 to 50 µl of RNase-free water and stored at -70°C.
 RNA samples were quantitated by combining 3 µl of each stock RNA
sample with 97 µl of PBS in a microfuge tube. The samples were analyzed in a
spectrophotometer and the absorbance was read at 260 (A260) and 280 nm
(A280). The concentrations were calculated by multiplying the absorbance at 260
nm by 40 µg/ml and by the volume of the sample (100 µl), and dividing that
product by the volume of the RNA sample (3 µl). The ratio of A260/A280, which
should be around 2.0, was measured to check the purity of RNA samples. A
portion of stock RNA samples were diluted to working concentrations of
0.167µg/µl in RNase-free tubes and stored at -70°C.
REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION (RT-PCR)
Aliquots of 1.5 µl (0.25 µg) of total RNA samples were transferred to sterile
PCR reaction tubes placed on a PCR rack on ice. Two negative control tubes,
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one that contained 1.5 µl of water and the other containing 1.5 µl of a random
aliquot of RNA where no RT was added were prepared with each reaction. An
RT master mix was prepared from a Perkin-Elmer GeneAmp RNA PCR Core Kit
(Perkin-Elmer-Cetus, Foster City, CA, USA,  Part No. N808-0017) by combining
5 mM MgCl2, 1x PCR Buffer II, 1 mM dATP, 1 mM dCTP, 1 mM dGTP, 1 mM
dTTP, 2.5 mM random hexamers, 1 U/µl RNase inhibitor and 2.5 U/µl MuLV
reverse transcriptase in a microfuge tube. Ice-cold RT master mix reagents were
mixed by vortexing and 8.5 µl of the master mix reagents were added to the
tubes containing the RNA samples. The rack of tubes was placed in a DNA
thermocycler (Perkin-Elmer Applied Biosystems GeneAmp PCR System 9700).
The condition of RT step for all the samples in the thermocycler was applied to
any mixture of RNA and RT master mix - one cycle of 25°C for 10 minutes, 42°C
for 20 minutes, 99°C for 5 minutes, and 5°C for 10 minutes.
During RT step, PCR master mixes were prepared with 2 mM MgCl2, 1x
PCR Buffer II, UP and LOW (or Upstream and Downstream) primers (see
Appendix B, PCR primers), 1.25 U Taq DNA polymerase and water to make the
final volume of 40 µl per aliquot. The MgCl2, PCR Buffer II and Taq polymerase
were used from the Perkin-Elmer GeneAmp RNA PCR Core Kit. The tube was
vortexed and 40 µl aliquots were added to the RT reaction tubes after the RT
step was finished. PCR step was perfomed at the cycle temperatures and cycle
numbers, depending on the expected PCR product (see Appendix B, PCR
temperatures and cycles). After the first denaturation, each cycle had an
annealing of primers, a polymerization, and a denaturation. Fifteen microliters of
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PCR products were transferred from each reaction tube at the sampling cycles to
each new 1.5 ml microfuge tube containing 1.5 µl of 10x DNA loading buffer (for
10X: 0.4% bromophenol blue, 0.4 % xylene cyanol FF, and 50% glycerol in
water. A 2% agarose gel containing ethidium bromide (EtBr) was made to
visulalize RT-PCR products. It was prepared by mixing 6 grams of PE-Xpress
GeneAmp Agarose  (Perkin-Elmer, Cat No. 930-2774) with 300 ml of 0.5X TBE
Buffer (Gibco-BRL, Cat No. 15546-013) to make 3 gels for 3 different sampling
cycles. The mixture was heated in a microwave for approximately 2 minutes until
the agarose was completely in solution and 2.5 µl of 10 mg/ml EtBr was added to
the solution after the agarose solution cooled down to around 50°C. Then, the
solution was poured into a gel mould and combs were put on it. The combs were
removed after the gels were solidified and the gels were placed in an
electrophoresis apparatus containing 0.5X TBE buffer. Five microliters of Hi-Lo
DNA markers (Minnesota Molecular, Cat. No. 1010) and 10 µl aliquots of RT-
PCR products with 10x DNA loading buffer were loaded into the wells. The gels
were run at 250 mV and 150 amps for approximately 1.5 hours, and visualized
on a UV Transilluminator (Fisher Scientific). Digital images of the gels were taken
using a KODAK Professional DCS 420 digital camera interfaced with Adobe
Photoshopϑ software, and integrated optical densities (IODs) of the RT-PCR
product bands were quantitated using Kontron KS 400 image analysis software
(Carl Zeiss Vision, Thornwood, NY, USA). The resulting IODs were used to
generate a relative IOD that is the ratio of the respective PCR product to that of
the housekeeping gene, g3pdh (glyceraldehyde 3-phosphate dehydrogenase).
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DETERMINATION OF CELL VIABILITY
Cells grown on 6-well plates (9.4 cm2 per well) were washed with PBS,
treated with DAPI (4’,6-diamidino-2-phenylindole) nuclear stain, and then an
automatic counting program was executed on a Roche image analysis computer.
Nuclear staining was determined under fluorescent illumination at 40X
magnification on the Zeiss Axiovert linked to a Roche workstation equipped with
Kontron KS 400 software. For each time point, the nucleus stained with DAPI in 3
wells and 20 random fields per well were counted. Viability was expressed as a
percent of control value.
ISOLATION OF PROTEIN
For analysis of heat shock proteins, cell media was removed and the cells
were rinsed with PBS. After removal of PBS, a 500 µl per well for six well plates
of 1x SDS lysis buffer (see Appendix C) was added to the cells. The cells were
incubated at room temperature for ten minutes. Cell lysates were transferred to
1.5 ml microfuge tubes and stored at -20°C. The tubes with stop caps were
boiled for 10 minutes and then the samples were passed through a 22 gauge
needle several times to remove their stickiness.
For analysis of metallothioneins, cell media was removed and the cells
were rinsed with PBS. After removal of PBS, 500 µl per well for 6 well plates of
10 mM Tris-Cl (pH 8.0) was added and the cells were scraped using Disposable
cell scraper (Sarstedt, Inc., Newton, N.C., USA). The scraped cells were
transferred to 1.5 ml microfuge tubes, 50 µl of 1 M Tris-Cl (pH 8.8) and 50 µl of
1M DTT (dithiothreitol) were added to the cells. The cells were subjected to
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freeze-thaw between liquid nitrogen and 37°C water bath two times for 2 minutes
each, then centrifuged at 12000 x g for 10 min to take the supernatant, which
was centifuged with Ultrafree-0.5 Centrifugal Filter Device (30 kD molecular
weight cutoff, Millipore). The filtrate was stored –20 °C.
PROTEIN DETERMINATION
Bicinchoninic acid (BCA) Copper Reduction Method (Pierce Chemical Co.,
Rockford, IL, USA) for heat shock proteins was used to determine protein
concentrations for each of the samples. Although BCA protein assay is more
sensitive, it is not useful in metallothioneins because they can affect chelation of
copper by BCA. Instead, Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA)
for metallothionein was used, since it is dye-binding assay.
Ten µg/µl of bovine serum albumin (BSA, Fischer Scientific, Fair Lawn,
NJ, USA. Cat No. BP1605-100) was used to make standard solutions containing
0, 1, 2, 4, 8, 12, 16 and 20 µg of BSA per 10 :l. First two wells of 96-well plate
were blank (10 µl of water and 5 µl of 1x SDS lysis buffer or 10 mM Tris-Cl) and
standards containing 10 µl of each standard solution and 5 µl of 1x SDS lysis
buffer were loaded in duplicate wells. Five µl of SDS protein samples were mixed
with 10 µl of deionized water and loaded in triplicate wells. For quantitation of
heat shock proteins, one part copper sulfate (BCA Reagent B, Pierce Cat No.
23224) was mixed with 50 parts bicinchoninic acid solution (BCA Reagent A,
Pierce Cat No. BK45047) and 200 µl was added to each well using a multi-
channel pipette aid. For quantitation of metallothioneins, Bio-Rad Protein Assay
was filtered and diluted to 1/5 to be used. The samples with BCA were incubated
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at 37°C for 30 min or the samples with Bio-Rad Protein Assay were incubated at
room temperature for 5 min, and then scanned using a Dynatech MR5000 plate
reader (Dynatech Inc., Guernsey Channel Islands). Each protein concentration
was calculated by the regression of standard optical densities.
WESTERN BLOT FOR HSP PROTEIN DETERMINATION
A 12.5% resolving gel was prepared (see Appendix C). After 15 min de-
gasing, 10% ammonium persulfate (APS) and TEMED were added to the gel
followed by loading into a 1.5 mm thick slab gel mold. Deionized water was
added onto the gel to block penetration of air into the gel and to help hardening.
While the resolving gel was solidifying for 30 min, a 4% stacking gel was
prepared (see  Appendix C) and de-gased for 15 minutes. The stacking gel
solution was loaded onto the resolving gel following the addition of TEMED and
10% APS. The comb was inserted and the stacking gel was solidified for 30
minutes.
The slab gel was put into a Hoefer Small Gel Caster apparatus (Hoefer
Scientific Instruments, San Francisco, CA, USA) which was filled with 1x
Tris/Glycine/SDS Buffer (BioRad Laboratories, Hercules, CA, USA. Cat. #161-
0732). Two µg of samples in HK-2 cells were mixed with 4x SDS loading dye,
and loaded into wells. The gel was run at an initial voltage of 80 mV until the dye
passed through the stacking gel layer, and then the voltage was increased to 120
mV for 1.5 hours to run the dye near the bottom of the gel. The gel was taken
from the apparatus to the transfer buffer (Appendix C) in a small tray, and shaken
for 5 min. For each gel, two 6 cm x 9 cm sections of 3 mm Whatmann filter paper
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were cut and soaked with two sponge beds in transfer buffer. A 5 cm x 8 cm
square of Sequi-Blot  PVDF membrane (Bio-Rad, Cat No. 162-0182) was cut
and soaked briefly in 100 % methanol and then placed in transfer buffer. A wet
blot was made in this order from the bottom to top - sponge bed, filter paper, gel,
PVDF membrane, second filter paper, and second sponge bed. All the materials
in the blot were soaked in transfer buffer. The smooth side of the PVDF
membrane faced the gel. A pipette was rolled over the membrane several times
to remove bubbles. The blot was placed in a BioRad Trans-Blot  transfer
apparatus filled with transfer buffer and run at 22 mV overnight at 4°C.
The following day, the membrane was removed from the transfer buffer
and placed in 1x PBS. The membrane was incubated in 10% skim milk in 1X
PBS at room temperature with shaking for one hour. The membrane was quickly
washed three times in 1x PBS and three times again for 10 minutes each wash.
The membrane was incubated in appropriate primary antibody (Appendix C) at
room temperature for 1 hour with constant agitation. The membrane was washed
quickly three times with 1x PBS and three additional times for 10 minutes each
wash. The membrane was incubated in appropriate secondary antibody
(Appendix C) at room temperature for 1 hour with constant agitation. Two 10
minute washes in 1x PBS and one wash for 10 minutes in alkaline phosphatase
buffer (Appendix C) were done with the membrane.
Colorimetric immuno-staining of the alkaline phosphatase conjugated
secondary antibodies was performed using an alkaline phosphatase Vectastain
ABC-AP kit (Vector Laboratories, Burlingame, CA, USA). The membrane was
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soaked in 25 ml of alkaline phosphatase buffer, and ten drops in the order of
Reagents 1, 2 and 3 were added. Detection times were 1 to 2 minutes,
depending on the standards. The membrane was rinsed immediately in tap water
when the control wells became visible, and left to air dry overnight. An Epson
Expression 63 color scanner and Adobe Photoshop  software were used to
obtain a digital image. The intensity of the protein bands was quantitated as
integrated optical densities (IODs) using Kontron KS 400 image analysis
software, and samples were quantitated to standards using linear regression in
Microsoft Excel.
ANALYSIS OF HSP 27 PHOSPHOISOFORMS
Proteins were extracted from cell monolayers with 9 M urea, 1 mM
phenylmethylsulfonyl fluoride, 10 mM NaF, 2% ampholines, 5% ∃ -
mercaptoethanol, and 2% Triton X-100. The proteins were focused on 4%
polyacrylamide capillary tube gels containing 9 M urea, 1.5% 5/7 Biolyte, 0.5%
3/10 Biolyte ampholines (Biorad, Hercules, CA). Capillary tube gels containing
focused proteins were placed at the top of 12% polyacrylamide slab minigels,
followed by separation of proteins in the second dimension. Resolved proteins
were electrotransferred onto polyvinylidene difluoride (PVDF) membranes
(Biorad). The hsp 27 phosphoisoforms were detected using procedures identical
to those described for Western Blot.
DOT BLOTS FOR MT-3 PROTEIN DETERMINATION
Standards (0, 0.01, 0.03, 0.1, 0.3, 1, 2 and 4 ng) were prepared with 1.5
times conjugated synthetic peptide (Sigma Chemical Co., St Louis, MO) specific
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to MT-3 and 3 µg of HPT or HK-2 total protein. The standard and the sample
were dissolved in a total volume of 75 µl with PBS within a 96-well plate. A
volume of 75 µl of 3% glutaraldehyde was added to each well using a
multichannel pipetman. Plates were kept at room temperature for 30 minutes
while the dot blot apparatus was being prepared.
For each blot, an 8 cm x 12 cm piece of Sequi-Blot  PVDF membrane
(Bio-Rad, Cat No. 162-0182) was cut and soaked in methanol and then
transferred to a solution of PBS. Using a syringe, the dot blot apparatus was
assembled by filling the lower chamber of the apparatus with approximately 50
ml of PBS. The PVDF membrane was carefully placed over the holes of the
plastic adapter while the syringe remained attached to the drain tube, confirming
that no bubbles were generated. The top plate was secured to the lower
chamber, and each well was filled with 600 µl of PBS. The plunger of syringe was
used to pull carefully about 50 ml of PBS from the apparatus, so that the wells
began to drain by gravity. The syringe was removed from the apparatus and flow
of PBS was collected in a beaker.
After the PBS had drained to the surface of the membrane, 100 µl (2 µg
total protein) out of 150 µl of the samples was loaded onto the membrane using a
multichannel pipetman. When the samples drained completely to the surface of
the membrane followed by rinsing twice with 400 µl of PBS in each well, the
apparatus was loosen and the blot was kept in PBS overnight at 4°C.
The following day, the membrane was incubated in 3% bovine serum
albumin (BSA, Fischer Scientific, Fair Lawn, NJ, USA. Cat No. BP1605-100) in
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1X PBS at room temperature with shaking for one hour. The membrane was
quickly washed three times in 1x PBS and three times again for 10 minutes each
wash. The membrane was incubated in the primary antibody (MT-3 polyclonal
antibody, Appendix C) at room temperature for 1 hour with constant agitation.
The membrane was washed quickly three times with 1x PBS and three additional
times for 10 minutes each wash. The membrane was incubated in appropriate
secondary antibody (Appendix C) at room temperature for 1 hour with constant
agitation. Two 10 minute washes in 1x PBS and one wash for 10 minutes in
alkaline phosphatase buffer (Appendix C) were done with the membrane.
Colorimetric immuno-staining and quantitation were the same as those in
western blot.
STABLE TRANSFECTION OF HK-2 CELLS
The MT-3 coding sequence was cloned from cultured HPT cell RNA by
RT-PCR using MT-3 specific primers. The MT-3 coding sequence was blunt end
ligated into the EcoR V site of pcDNA3.1/Hygro (+) (Invitrogen, Carsbad CA).
This vector has a cytomegalovirus immediate-early promoter upstream of the
multiple cloning site and a hygromycin B resistance gene driven by an SV40
early promoter. The DNA construct was linearized by Fsp I before transfection.
The HK-2 cells were transfected with the MT-3 plasmid construct in the sense
direction or the vector alone by using EffecteneTM transfection reagent (Qiagen,
Valenecia CA).
HK-2 cells were seeded at a 50% confluence on a 6-well plate
(9.6cm2/well) the day before transfection. Next day, 4 µl of linearized MT-3
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pcDNA 3.1 (0.1 µg/µl) was mixed with 96 µl of EC buffer by vortexing for 1 sec,
and 3.2 µl of enhancer was added to the mixture. The mixture was incubated at
room temperature for 5 min. Then, 10 µl of effectene was added to the mixture,
vortexing for 10 sec, and incubating for 10 min at room temperature. The HK-2
cells were washed with 1X PBS and 1.6 ml of growth medium was added to the
cells. Six hundred µl of growth medium was mixed with the DNA/effectene
solution by pipetting up and down twice and added to the cells. The cells were
incubated for 24 hours at 37ºC. The cells were treated with 0.5 ml of trypsin-
EDTA (Gibco-BRL, Cat No. 25300-062), and the plate was placed on a 37°C hot
plate. The cells were trypsinized until they appeared completely dissociated
(approximately 10 minutes) and the cell suspension was transferred to a 15 ml
conical tube. The plate was rinsed with 5 ml of PBS, and the wash was added to
the tube containing the trypsinized cells. The tube was centrifuged for 5 minutes
at 10,000 rpm, after which the supernatant was removed and the cell pellet was
thoroughly resuspended in 10 ml of medium (~10% confluency). Aliquots of 2 ml
of cell suspension were transferred to a new 6-well plate, and incubated for 24
hours. Selection was carried out with growth medium containing 30 µg/ml
hygromycin B. Clones were selected using cloning rings and propagated in
media containing 30 µg/ml hygromycin B. The stable transfectants were
identified, recloned and preserved in liquid nitrogen storage.
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EXPRESSION OF HSP 27, HSP 60, HSC 70 AND HSP 70 BY
IMMORTALIZED HUMAN PROXIMAL TUBULE CELLS (HK-2)
FOLLOWING EXPOSURE TO HEAT SHOCK, SODIUM ARSENITE,
OR CADMIUM CHLORIDE1
                                           
1 The contents of this chapter were published in August 2001 in Journal of
Toxicology and Environmental Health 63(7):475-493.
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INTRODUCTION
The aim of this chapter was to determine if the immortalized human
proximal tubule cell line, HK-2, would retain the basic features of the responses
to classic heat shock, sodium arsenite, and CdCl2, similar to those demonstrated
for the mortal HPT cells (1, 2, 3). The previous reports showed that there is a
rapid induction of both mRNA and protein of the hsp 27, hsp 60, and hsp 70
genes in the mortal HPT cells by exposure to heat or sodium arsenite, while the
expression of the cognate isoform of hsp 70, hsc 70 remained unaffected by
such exposure. Acute exposure to Cd+2 increased the expression of hsp 27 and
hsp 60 mRNA and protein, while the expression of hsc70 mRNA and protein was
largely unchanged. The induction of hsp 70 was reduced under acute exposure
of Cd+2 when judged against the elevated levels of expression produced by heat
and sodium arsenite. These studies suggested that under acute exposure of
Cd+2, the expression of hsp 70 might be compromised when compared to
expression of hsp 27, hsp 60, and hsc 70, all of which showed the classic
patterns of expression expected of the heat shock proteins. In addition, there was
no increase in any of above hsps when HPT cells were exposed to lethal and
sub-lethal levels of Cd+2 over an extended period of exposure.
One of the best ways to study the functions of hsps against Cd+2-induced
nephrotoxicity would be through the isolation and use of stable transfectants of
HPT cells that overexpress the respective hsp genes.  The HPT cells, having a
defined mortal life span, cannot serve as a recipient in stable transfection
protocols. For this purpose, the HK-2 cell line derived from primary HPT cells and
immortalized by transfection with the HPV E6/E7 genes were chosen for this
52
study (4). This cell line has been shown to be immortal, non-tumorigenic, and to
produce monolayer cell cultures that retain many features expected of well-
differentiated proximal tubule cells.
RESULTS
Expression of hsp 27 mRNA and protein in HK-2 cells acutely
exposed to heat shock, sodium arsenite, and CdCl2. The effect of heat shock
on the expression of hsp 27 was determined by exposing confluent HK-2 cells to
an elevated temperature of 42.5°C for 1 hour followed by a recovery period of 48
hour at 37°C. The expression of hsp 27 mRNA was determined by comparing the
IOD values of hsp 27 mRNA to that of the housekeeping gene g3pdh, yielding
the relative IODs at each analysis point over the time course of heat treatment
and recovery (Figure 1A). It was demonstrated that heat shock resulted in an
approximate 2-fold increase in hsp 27 mRNA levels following 1 hour of heat
shock, and this increase extended into the first 4 hour of the recovery period and
thereafter returned to control values. However, the increases were not significant
compared to the control. It was demonstrated that heat shock resulted in a
significant increase in hsp 27 protein following heat shock and extending to the
end of the 48-hour recovery period (Figure 1B). An analysis of the
phosphoisoforms of hsp 27 demonstrated that heat shock caused a shift to the
more phosphorylated state (Figure 2). The control cells possessed a mixture of
nonphosphorylated and monophosphorylated hsp 27, while immediately following
heat treatment the cells demonstrated a reduction in the nonphosphorylated
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isoform and a shift to the mono-, bi-, and triphosphorylated isoforms. By the end
of the 48-hour recovery period, the hsp 27 isoform profile was identical to that of
the control.
The expression of hsp 27 was also determined by exposing confluent HK-
2 cells to 100 :M sodium arsenite for 4 hours followed by a 48-hour recovery
period (Figure 1, C and D). It was demonstrated that both hsp 27 mRNA and
protein had significant increase in level as a result of sodium arsenite treatment.
The hsp 27 mRNA increased approximately 3-fold following sodium arsenite
exposure and returned to control values following 24 hours of recovery in the
absence of sodium arsenite (Figure 1C). The level of the hsp 27 protein was
increased approximately 3-fold within 1 hour of sodium arsenite exposure and
remained elevated throughout the recovery period (Figure 1D). However, it was
demonstrated that Cd+2 had no significant effect on the levels of hsp 27 mRNA or
protein (Figure 1, E and F).
Expression of hsp 60 mRNA and protein in HK-2 cells acutely
exposed to heat shock, sodium arsenite, and CdCl2. Identical total RNA and
protein samples from the analysis already described of hsp 27 expression were
used to determine the expression of hsp 60 mRNA and protein in HK-2 cells
exposed to heat, sodium arsenite, and CdCl2. It was demonstrated that there was
no change of the expression of hsp 60 mRNA and protein in the HK-2 cells when
exposed to a heat shock and subsequent recovery period (Figure 3, A and B).
When the HK-2 cells were exposed to sodium arsenite, there was a small
elevation in the levels of hsp 60 mRNA and protein at a few points in the time
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Figure 1. Expression of hsp 27 mRNA and protein in HK-2 cells acutely exposed 
to heat shock, sodium arsenite, or CdCl2. (A, B) HK-2 cells exposed to heat 
shock (42.5°C) for 1 hr then returned to 37°C for a 48 hr recovery period. (A) 
Relative IOD of bands representing hsp 27 mRNA. (B) IOD of bands 
representing hsp 27 protein. (C, D). HK-2 cells exposed to 100 µM sodium 
arsenite for 4 hr, followed by a 48 hr recovery period. (C) Relative IOD of bands 
representing hsp 27 mRNA. (D) IOD of bands representing hsp 27 protein. (E, F) 
HK-2 cells exposed to 53.4 µM CdCl2 for 4 hr, followed by a 48 hr recovery 
period. (E) Relative IOD of bands representing hsp 27 mRNA. (F) IOD of bands 
representing hsp 27 protein. Asterisk indicates significant difference (at 0.05 or 
below) compared to control. 
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Figure 2. Two-dimensional gel electrophoresis of heat-shocked HK-2 cells during 
exposure and recovery periods. Abbreviations : a, unphosphorylated; b, one 
serine phosphorylated; c, two serines phosphorylated; d, three serines 
phosphorylated. Blot showing increasing phosphorylation of hsp 27 protein 








course. There was a significant increase in hsp60 mRNA at 8 and 12 hours into 
the recovery period and an increase in hsp 60 protein beginning at 24 hours into 
the recovery period and remaining elevated at the end of the time course (Figure 
3, C and D). Acute exposure of the HK-2 cells to CdCl2 was shown to have no 
effect on the levels of hsp 60 mRNA and protein (Figure 3, E and F).  
Expression of hsc 70 and hsp 70 mRNA and protein in HK-2 cells 
acutely exposed to heat shock, sodium arsenite, and CdCl2. Identical total 
RNA and protein samples from the analysis already described were used to 
determine the expression of hsc 70 mRNA and protein in the HK-2 cells exposed 
to heat, sodium arsenite, and CdCl2. It was demonstrated that acute exposure of 
the HK-2 cells to heat, sodium arsenite, or CdCl2 had no effect on the expression 
of hsc 70 mRNA and protein (Figure 4, A-F). However, hsp 70 protein was 
markedly increased by exposure to heat, sodium arsenite, and CdCl2 (Figure 5, 
A-C). For HK-2 cells acutely exposed to heat shock, sodium arsenite and CdCl2, 
hsp 70 increased within the exposure periods and remained elevated for the 
recovery of the 48 hour time course.  
The hsp 70 protein is encoded by several genes, three of which (hsp 70A, 
70B, 70C, respectively) have been sequenced and identified, and these can be 
individually determined using RT-PCR technology (2). Expression of mRNA for 
the hsp 70A gene was elevated in the HK-2 cells as a result of exposure to heat, 
sodium arsenite and CdCl2 (Figure 6, A-C). Compared to control, mRNA for the 
hsp 70B gene was increased in the HK-2 cells using identical assay conditions  
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Figure 3. Expression of hsp 60 mRNA and protein in HK-2 cells acutely exposed 
to heat shock, sodium arsenite, or CdCl2. (A, B) HK-2 cells exposed to heat 
shock (42.5°C) for 1 hr then returned to 37°C for a 48 hr recovery period. (A) 
Relative IOD of bands representing hsp 60 mRNA. (B) IOD of bands 
representing hsp 60 protein. (C, D) HK-2 cells exposed to 100 µM sodium 
arsenite for 4 hr, followed by a 48 hr recovery period. (C) Relative IOD of bands 
representing hsp 60 mRNA. (D) IOD of bands representing hsp 60 protein. (E, F) 
HK-2 cells exposed to 53.4 µM CdCl2 for 4 hr, followed by a 48 hr recovery 
period. (E) Relative IOD of bands representing hsp 60 mRNA. (F) IOD of bands 
representing hsp 60 protein. Asterisk indicates significant difference (at 0.05 or 
below) compared to control. 
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Figure 4. Expression of hsc 70 mRNA and protein in HK-2 cells acutely exposed 
to heat shock, sodium arsenite, or CdCl2. (A, B) HK-2 cells exposed to heat 
shock (42.5°C) for 1 hr then returned to 37°C for a 48 hr recovery period. (A) 
Relative IOD of bands representing hsc 70 mRNA. (B) IOD of bands representing 
hsc 70 protein. (C, D) HK-2 cells exposed to 100 µM sodium arsenite for 4 hr, 
followed by a 48 hr recovery period. (C) Relative IOD of bands representing hsc 
70 mRNA. (D) IOD of bands representing hsc 70 protein. (E, F) HK-2 cells 
exposed to 53.4 µM CdCl2 for 4 hr, followed by a 48 hr recovery period. (E) 
Relative IOD of bands representing hsc 70 mRNA. (F) IOD of bands representing 
hsc 70 protein. There were no significant differences compared to the control. 
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Figure 5. Western analysis of hsp 70 protein in HK-2 cells. IOD of bands 
representing hsp 70 protein for HK-2 cells exposed to heat shock (A), sodium 
arsenite (B), or CdCl2 (C). Asterisk indicates significant difference (at 0.05 or 
below) compared to control. 
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Figure 6. RT-PCR analysis of hsp 70 mRNA in HK-2 cells. Relative IOD of bands 
representing hsp 70A, 70B, 70C mRNA for HK-2 cells exposed to heat shock (A), 
sodium arsenite (B), or CdCl2 (C). Asterisk indicates significant difference (at 
0.05 or below) compared to control. 
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by the treatment with heat, sodium arsenite, or CdCl2. Likewise, expression of 
mRNA for the hsp 70C gene was elevated in the HK-2 cells as a result of 
exposure to heat, sodium arsenite, and CdCl2. (Figure 6, A-C). For all 3 agents, 
hsp 70A, 70B, and 70C mRNAs increased during the exposure period and 
maintained this increase 12 to 24 hours into the recovery period, returning to 
control values 36 hours following removal of the agent. 
Expression of hsp 27, hsp 60, hsc 70, and hsp 70 mRNA and protein 
in HK-2 cells exposed to CdCl2 for 16 days. The expression of hsp 27, hsp 60, 
hsc 70, and hsp 70 mRNA and protein were also determined when the HK-2 cells 
were exposed to Cd+2 for an extended time course. The HK-2 cells were exposed 
continuously to Cd+2 at three exposure levels over a 16-day time course - 0.9 :M, 
which produces no cell death over the 16-day time course; 2.2 :M, which 
produces cell death late in the 16-day time course; and 4.5 :M, which produces 
cell death early in the 16-day time course (Figure 7). The respective mRNA and 
proteins were determined at 1, 4, 7, 10, 13, and 16 days of the respective time 
courses, with the effects of Cd+2 on hsp expression being normalized to a control 
value of 1.0 for data presentation. There was no significant alteration in the levels 
of the hsp 27, hsp 60, and hsc 70 protein at any time point over the 16-day time 
course for the cells exposed to the 3 concentrations of CdCl2 (Figure 8, A-C). The 
only exception was for hsp 70, where the hsp 70 protein was increased at the 
highest CdCl2 concentration on day 1 and day 4 of the 16-day time course 





Figure 7. HK-2 cells continuous exposure to CdCl2. HK-2 cells were exposed to 
0.9, 2.2, and 4.5 :M CdCl2 for a period of 16 days. Computer-assisted cell counts 
are shown for the HK-2 cells. DAPI stained nuclei in 20 fields for each triplicate 
well were counted, and results are expressed as percentage of control. 
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Figure 8. Expression of heat shock proteins in HK-2 cells continuously exposed 
to 0.9, 2.2, and 4.5 µM CdCl2 for a period of 16-days. IOD of bands representing 
hsp 27 (A), hsp 60 (B), hsc 70 (C), and hsp 70 (D) protein in Cd+2 treated cells. 
The OD for each hsp band was determined and the result normalized to a control 
value of 1.0 for cells exposed to CdCl2. There were no significant differences 
compared to the control. 
 64
 
Figure 9. Expression of hsp mRNAs in HK-2 cells continuously exposed to 0.9, 
2.2, and 4.5 µM CdCl2 for a period of 16-days. Relative IOD of bands 
representing hsp 27 (A), hsp 60 (B), hsc 70 (C) mRNA in Cd+2 treated cells. 





Figure 10. Expression of hsp mRNAs in HK-2 cells continuously exposed to 0.9, 
2.2, and 4.5 µM CdCl2 for a period of 16-days. Relative IOD of bands 







time points, CdCl2 had no effect on the level of expression of hsp 70 at both 
lethal and sublethal levels of exposure.  
There was no change in the expression of hsp 27, hsp 60, and hsc 70 
mRNA in the HK-2 cells at any of the 3 CdCl2 concentrations over the 16-day 
time course (Figure 9). There was also no change in the level of hsp 70A, 70B, 
70C mRNA over the 16-day time course for the HK-2 cells exposed to the low 
and intermediate levels of CdCl2 (Figure 10). At the highest level of CdCl2 
exposure, there was an increase in mRNA for the hsp 70A gene on day 1 and 4, 
for the hsp 70B gene on day 1, and for the hsp 70C gene on day 1 (Figure 10). 
Otherwise, these mRNAs remained at control levels.      
 
DISCUSSION  
The kidney and in particular the proximal tubule represent the organ and 
cell type that are critically affected by chronic exposure to cadmium in both animals 
and humans (5, 6, 7, 8, 9). One means to study the interaction of cadmium with 
the proximal tubule cell of the kidney is to utilize a cell culture model of the HPT 
cells that retains many of the differentiated features expected of this segment of 
the nephron (10,11,12). When the HPT cells were exposed to environmentally 
significant concentrations of Cd+2, alterations in cell structure and function were 
demonstrated that were similar to those known to occur in situ in the kidneys of 
animal models and humans (13,14,15). These alterations included loss of microvilli 
structure, disorganization of lateral membrane interdigitation, pyknotic nuclei, loss 
of transport function, and loss of the ability of the cells to regenerate when 
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exposed to low dosages of Cd+2. This indicated that Cd-induced nephrotoxicity 
could be modeled in this culture system by exposure of the cells to Cd+2. Recent 
studies have defined the expression of the heat-shock proteins when the cells 
were exposed to heat, sodium arsenite, or CdCl2 (1, 2, 3). While these studies 
define the value of the model system for studies of the stress response, there are 
limitations to the use of a mortal cell culture model. Foremost among these is that 
stable transfection cannot be used to alter gene expression due to the mortal 
nature of the cells. Other limitations include the difficulty most investigators have in 
procurement of human tissue and, instead of laboratory-based isolation, the high 
commercial cost of the cells. Thus, the major goal of this study was to determine if 
the immortalized HK-2 human proximal tubule cell line could provide an easy to 
use model system to study the stress response of the proximal tubule cell. A 
comparison of the HK-2 and HPT cell response to stress was used as a test 
system to determine if the basic features of the heat shock response by heat, 
sodium arsenite, and cadmium were similar for the two models. 
In previous studies with the HPT cells, both hsp 27 mRNA and protein were 
shown to be readily induced by heat shock, sodium arsenite, or CdCl2 (1). The 
inductions were rapid following treatment with the stimulus and extended well into 
the recovery period. Maximal inductions of 6- to 10-fold for hsp 27 mRNA and 4- to 
7-fold for the hsp 27 protein were obtained depending on the stimulus. In contrast, 
hsp 27 mRNA and protein were induced in the HK-2 cells by these agents but with 
a maximal induction of only 2- to 3-fold at best at any time point to any given 
treatment. Thus, there was a clear difference between the HPT cells and the HK-2 
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cells in their ability to induce the expression of hsp 27 mRNA and protein in 
response to either physical or chemical stress. An examination of the basal levels 
of hsp 27 mRNA and protein expression between the two cell culture models 
suggested that the basis for this difference might be that the HK-2 cells already 
possess higher basal levels of hsp 27. To detect basal hsp 27 mRNA in the HPT 
cells required a 500 ng input of total RNA and 27 PCR cycles; whereas to detect 
hsp 27 mRNA in the HK-2 cells required only 20 PCR cycles at an identical total 
RNA input. This would indicate that the basal levels of hsp 27 mRNA in the HK-2 
cells were substantially higher than those in the HPT cells. This finding was also 
true for the expression of the hsp 27 protein. Although hsp 27 protein was detected 
by Western analysis in the HPT cell extracts using a 5 µg protein input, only a 2 µg 
input was required for the HK-2 cells. These results suggest that the failure of the 
HK-2 cells to increase hsp 27 levels in response to physical and chemical stress is 
because they already possess elevated basal levels of hsp 27 mRNA and protein. 
However, it is not clear yet how the elevated basal levels of hsp 27 control hsp 27 
levels in HK-2 cells by stress. Hsp 27 is also phosphorylated at serine residues in 
response to heat shock, mitotic stimuli, and other stresses, suggesting a role for 
hsp 27 in the regulation of signal transduction pathways (1, 16). This response 
remained intact in the HK-2 cells, as noted by an increase in the phosphorylation 
of hsp 27 when the cells were exposed acutely to heat, sodium arsenite, or CdCl2.  
This possibility was reinforced by a comparison of the expression patterns 
of hsp 60 in the HK-2 cells to those obtained previously in the HPT cells. In the 
HK-2 cells, exposure to heat or CdCl2 had no effect on the levels of hsp 60 mRNA 
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levels at only two time points. In contrast, all three agents were shown to readily 
induce both hsp 60 mRNA and protein in HPT cells under identical conditions (3). 
Similar to that found for hsp 27, the basal levels of hsp 60 expression were much 
higher in the HK-2 than HPT cells. Although no other studies could be found where 
the stress response has been compared between a mortal cell culture and its 
nontumorigenic immortalized counterpart, there is one study in the literature that 
shows that the basal expression of some stress response proteins is elevated in 
cancer cell lines when compared to the normal counterpart (17). In this study, it 
was shown that there was a 3- to 5-fold increase in the basal level of GRP 94, a 
glucose-regulated protein, in 5 breast carcinoma cell lines when compared to 
normal breast epithelial cell lines. A 1.5- to 3-fold increase was also found for GRP 
78 in 4 of the 5 breast cancer cell lines. Furthermore, the overexpression of hsp 27 
has also been shown to occur in many cancers and in breast cancer to be 
associated with a poor prognosis in a subset of these patients (18). The 
overexpression of hsp 27 has also been shown to influence invasiveness and 
motility of breast cancer cell lines (19). Together, these findings suggest that one 
or more of the genetic events that resulted in the immortalization of the HK-2 cells 
also elicited an increase in basal hsp 27 and hsp 60 expression similar to that 
found in the normal parent cells under stress conditions.  
In the HK-2 cells the basal levels of hsp 70 expression were similar to those 
found in the HPT cells, and a marked induction of hsp 70 mRNA and protein 
occurred in both the HK-2 and HPT cells upon treatment with both physical and 
chemical stress. The only difference between the cell lines was that the hsp 70 
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mRNA and protein response, while identical for both heat and sodium arsenite 
exposure, was induced to a greater degree by CdCl2 in the HK-2 cells than in the 
HPT cells. The reason why the basal levels of hsp 27 and hsp 60 increased and 
why that of hsp 70 did not is questionable.  
This study demonstrates that there are both similarities and differences 
between the HK-2 and HPT cell lines when exposed to physical and chemical 
stress. A similarity is that both cell lines express the same stress-response 
proteins under basal conditions. However, the differences found in the basal and 
induced expression of hsp 27 and hsp 60 between the cell lines would indicate that 
the HK-2 cells used alone would not be a good model to define the mechanisms 
underlying induction of these proteins. However, these very limitations can render 
the HK-2 a valuable adjunct for comparative studies between the two cell lines. 
Having the two cell lines allows the HPT to be used to define the mechanisms 
involved in upregulation of the hsp 27 and hsp 60 stress response and the HK-2 to 
be used to define what returns the elevated levels to the normal inducible state. A 
similar usage would also be possible to study the differences in hsp 70 regulation 
when the cells are exposed to Cd+2. Thus, although there are differences in the 
regulation of the stress response between the two cell lines, as long as these 
differences are recognized, the HK-2 cell line should be a valuable adjunct to study 
the stress response of the proximal tubule in general and when exposed to 
environmental pollutants such as cadmium. 
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 A recent study demonstrated that MT-3 could be detected in total RNA 
isolated from human kidney tissue and cell cultures derived from the human 
proximal tubule (HPT; 1). The presence of the MT-3 protein in the proximal 
tubules of the in situ human kidney was subsequently confirmed by 
immunolocalization using an antibody directed against the human MT-3 protein 
(2, 3). The finding that MT-3 was expressed in the human kidney was 
unexpected because the MT-3 isoform had been reported to be a brain-specific 
member of the MT gene family (4). This unexpected expression of MT-3 in the 
human kidney, and its expression in the proximal tubule in particular, leads to 
understand the mechanism responsible for the chronic nephrotoxicity that is 
produced in the kidney by the heavy metal pollutant, Cd+2. This is due to the fact 
that numerous studies in both animals and humans have shown that the kidney, 
and the proximal tubule, are the organ and cell type critically affected by chronic 
exposure to Cd+2 (5, 6, 7, 8). Since MT-3 is also able to bind and sequester Cd+2 
similar to that of the MT-1 and MT-2 isoforms, it would also have the potential to 
play a role in mediating the toxicity that Cd+2 elicits on the renal proximal tubule 
cell. The overall goals of this chapter were to confirm basal expression of MT-3 in 
the proximal tubules of the adult human kidney and the cell culture, and to define 
the expression of MT-3 in mortal human proximal tubule cells and immortal HPT 
cell line (HK-2) when exposed to lethal and sublethal concentrations of cadmium 
under both acute and chronic time periods of exposure.  
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Basal expression of MT-3 mRNA in the human proximal tubule and 
confluent cultures of HPT and HK-2 cells. The basal expression of MT-3 
mRNA in the proximal tubule of the in situ kidney was determined by RT-PCR on 
total RNA isolated from proximal tubules microdissected from formalin-fixed 
kidney sections. The proximal tubules for microdissection were identified based 
on periodic-acid-Schiff (PAS) staining of serial sections and the corresponding 
H&E stained proximal tubules removed for analysis (Figure 11A and B). The 
results of this analysis demonstrated that the in situ proximal tubule expressed a 
high basal level of MT-3 mRNA as judged by a relative comparison to the $-actin 
housekeeping gene (Figure 12). Using the same sample of total RNA from the 
microdissected proximal tubules, MT-3 mRNA expression could be determined at 
40 PCR cycles and a 500 ng total RNA input, whereas, a second nested PCR 
had to be performed to demonstrate the expression of $-actin. This would 
indicate that the relative expression of MT-3 mRNA was much higher than that of 
the housekeeping gene. The basal expression of MT-3 mRNA was also 
determined on total RNA obtained from confluent cultures of the mortal HPT cells 
and the immortal HK-2 cell line. It was demonstrated that the HPT cells had 
moderate expression of MT-3 mRNA could be detected following 35 PCR cycles 
and a 500 ng total RNA input, while mRNA for the g3pdh housekeeping gene 
was detected at identical total RNA input (Figure 12). It was demonstrated that 
HK-2 cells had no expression of MT-3 mRNA at a 500 ng total RNA input and 40 
cycles of PCR, but mRNA for the g3pdh housekeeping gene was detected at 25  
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Figure 11. Microdissection of human proximal tubules from adult kidney. Paraffin 
blocks of formalin fixed tissue from pathology archives were used to obtain 
sections from disease-free areas of kidneys removed for neoplastic disease. (A) 
Five micron thick section of kidney stained lightly with hematoxylin and eosin 
before laser capture. (B) The residual tissue section shown after laser capture. 
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Figure 12. Basal expression of MT-3 in human proximal tubule. Lane 1 and 10. 
DNA ladder. Lane 2 and 3. RT-PCR was performed on total RNA isolated from 
microdissected proximal tubules. Bands representing PCR products for $-actin 
(nested) (194 bp) and MT-3 (325 bp) are shown. Lanes 5 and 6. RT-PCR was 
performed on total RNA (500 ng) isolated from cultured human proximal tubule 
cells. Bands representing PCR products for GAPDH (983 bp) at 25 PCR cycles 
and MT-3 at 35 PCR cycles are shown. Lanes 8 and 9. RT-PCR was performed 
on total RNA isolated from the cell line HK-2. Band representing PCR product for 
GAPDH at 25 cycles is shown. No PCR product was detected for MT-3 in HK-2 








PCR cycles using the same total RNA sample (Figure 12). The average basal 
expression of MT-3 protein in the 3 isolates of HPT cells was 0.51 ± 0.04 ng MT-
3 per :g total protein. The MT-3 protein was below the limit of detection in the 
HK-2 cells.  
Expression of MT-3 mRNA and protein as a function of HPT cell 
growth. The basal level of expression of MT-3 mRNA and protein for a long term 
period was determined during HPT cell growth and when the cells were 
maintained at confluence. This was accomplished by determining the MT-3 
mRNA (relative to g3pdh) and protein levels on HPT cells that had been 
maintained at confluence for 7 days and then subcultured at a 1:3 ratio and 
determining cell growth, MT-3 mRNA and MT-3 protein each day for a 30 day 
period (Figure 13A, B, C). Following subculture, the HPT cells attained 
confluence within 5 days and maintained a constant cell number for 25 additional 
days (Figure 13A). The level of MT-3 mRNA was reduced 10-fold following 
subculture and remained reduced for the next 5 days following subculture (Figure 
13B). On day 6 following subculture, the level of MT-3 mRNA increased 
significantly to a level similar to that which preceded subculture of the cells and 
remained elevated and close to this original level for the remaining 24 days of the 
time course (Figure 13B). In general, the level of MT-3 protein followed that of 
MT-3 mRNA, with a significant reduction in MT-3 protein level following 
subculture and a return to pre-subculture levels by day 6 of the time course 
(Figure 13C). Therefore, basal level of MT-3 expression was significantly 




Figure 13. Expression of MT-3 as a function of cell growth. HPT cells were 
seeded at a ratio of 1:3 in 6-well plates and harvested at the indicated number of 
days after seeding. Day 0 represents cells taken before seeding. (A) Cell number 
reported as DAPI-stained nuclei per field. (B) MT-3 mRNA expression assessed 
by RT-PCR with gene specific primers. The integrated optical density (IOD) of 
the 40 cycle PCR DNA product band on ethidium bromide stained agarose gels 
was normalized to that obtained for GAPDH at 30 cycles. (C) MT-3 protein 
expression. Protein extracts were prepared from cells harvested on the indicated 
days and assessed for levels of MT-3 protein by immuno-dot blot using an MT-3 
specific antibody. Shown are the means and SE of triplicate cell samples. 
Statistically significant decrease, * (p<0.01), statistically significant increase, ** 
(p<0.01). 
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Expression of MT-3 mRNA and protein in confluent HPT cells 
exposed to Cd+2. To expand upon the previous observation that there was a 
transient increase in MT-3 mRNA when the HPT cells were exposed to Cd+2 (1) 
and to extend the analysis to the MT-3 protein, the initial experiments were 
designed to determine if the induction of MT-3 following Cd+2 exposure 
demonstrated a pattern similar to that expected from the study of the widely 
studied superfamily of proteins referred to as the heat shock or stress response 
proteins. Treatment of the HPT cells with 53.4 :M Cd+2 for 4 hours, followed by a 
recovery period where the metal is removed, induced the synthesis of both 
mRNA and protein for the hsp 27, hsp 60, and hsp 70 stress proteins (9, 10, 11). 
An identical time course and exposure to Cd+2 was applied to determine if these 
conditions would also induce the synthesis of MT-3 mRNA and protein. It was 
demonstrated that following a 4 hour exposure to Cd+2 that MT-3 mRNA was 
increased 4-fold (Figure 14A). This increase in MT-3 persisted for 24 hours 
following removal of the metal, before returning to control values after an 
additional 24 hours in the absence of metal exposure (Figure 14A). In contrast, 
MT-3 protein was not increased at any time point during Cd+2 exposure or 
recovery (Figure 14B). It might be possible that acute exposure to Cd+2 and 
recovery were insufficient to activate the protein synthesis of MT-3, even though 
the message of MT-3 increased. To further define under what conditions both 
MT-3 mRNA and protein would be increased by Cd+2 exposure, a second time 
course was performed where the HPT cells were exposed continuously to 9, 27, 




Figure 14. Expression of MT-3 in HPT cells acutely exposed to Cd+2. HPT cells 
were exposed to 53.4 :M Cd+2 for 4 hours followed by recovery in normal growth 
medium. Cells were harvested for RNA and protein at the indicated time points. 
(A) Messenger RNA expression assessed by RT-PCR and reported as relative 
IOD (IOD of the MT-3 RT-PCR product band at 40 cycles normalized to that of 
G3PDH at 30 cycles). (B) MT-3 protein expression. The levels of MT-3 protein 
were assessed by an immuno-dot blot procedure using an MT-3 specific 
antibody. Statistically significant difference from control, *(p < 0.01).   
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mRNA or protein (Figure 15A and B). In contrast, the intermediate exposure to 
Cd+2 (27 :M) elicited an increase in MT-3 mRNA following 4-8 hours of exposure 
(Figure 15A). The level of MT-3 protein was also increased at the intermediate 
level of Cd+2 exposure, with a peak value at 24 hours of exposure and a return to 
control values following 48 hours of exposure (Figure 15B). The highest level of 
Cd+2 (45 :M) exposure caused about 15-fold increase in MT-3 mRNA and a 5-
fold increase in MT-3 protein following 16 hours of exposure to Cd+2 (Figure 15A 
and B). Both MT-3 mRNA and protein returned to control values following 48 
hours of Cd+2 exposure. To confirm that MT-3 mRNA and protein remained at 
control values following 48 hours of continuous exposure to sub-lethal and lethal 
concentrations of Cd+2, the time course was extended to 16 days of continuous 
exposure (Figure 16A and B). It was demonstrated that following the initial 
transient elevation in MT-3 levels noted to occur within the initial 48 hours, further 
exposure to the three concentrations of Cd+2 failed to elicit an increase in MT-3 
mRNA or protein, even though the highest concentration has been shown 
previously to produce a greater than 50% loss in cell viability by 7 days of 
exposure (12, 13).    
Expression of c-fos, c-jun, and c-myc mRNA in confluent HPT cells 
exposed to Cd+2. To elucidate the mRNA expression of early response genes, 
the effect that acute and extended exposure to Cd+2 had on the expression of c-
fos, c-jun and c-myc mRNA in the HPT cells was determined using the identical 




Figure 15. Expression of MT-3 in HPT cells exposed to Cd+2 for 48 hours. HPT 
cells were exposed to three levels of Cd+2 (9, 27, and 45 :M) for up to 48 hours 
and harvested at the indicated time points. (A) Expression of MT-3 mRNA. The 
IOD of the MT-3 PCR product normalized to that of GAPDH is shown. (B) MT-3 
protein expression. Levels of MT-3 protein were determined using an immuno-
blot with an MT-3 specific antibody. Statistically significant difference from the 




Figure 16. Expression of MT-3 in extended exposure to Cd+2. HPT cells were 
exposed to three levels of Cd+2 (9, 27, 45 :M) for up to 16 days and harvested at 
the indicated time points. (A) Expression of MT-3 mRNA. The IOD of the MT-3 
PCR product normalized to that of GAPDH is shown. (B) MT-3 protein 
expression as assessed using an immuno-blot procedure. Statistically significant 







and recovery experiment, the levels of c-fos, c-jun and c-myc mRNA were all 
increased by the 4 hour exposure to Cd+2, and all returned to control values 
within 48 hours of Cd+2 removal (Figure 17A-C). The mRNA for c-fos was just 
detectable in control cells at 25 PCR cycles, but was markedly elevated within 1 
hour of Cd+2 exposure (Figure 17A). The c-fos mRNA remained at a maximum 
elevation for 36 hours following Cd+2 removal and returned to control levels at 48 
hours. The mRNA for c-jun was detected in control cells and was increased 
approximately 2-fold following 2 to 4 hours of Cd+2 exposure, with a return to 
control values within 12 hours of Cd+2 removal (Figure 17B). The mRNA for c-
myc was also detected in control cells and increased approximately 2-fold 
following 2 to 4 hours of Cd+2 exposure (Figure 17C). The level of c-myc mRNA 
returned to control values within 4 hours of Cd+2 removal. 
In the continuous exposure of the HPT cells to 9, 27, and 45 :M Cd+2 for 
48 hours, the levels of c-fos, c-jun and c-myc mRNA were all increased early in 
the time course by the intermediate and highest dosage of Cd+2, however, by 36 
hours of exposure all three mRNAs had returned to control values (Figure 18A-
C). The highest level of Cd+2 exposure produced the most marked elevation of all 
three mRNAs. For c-fos, exposure to 45 :M Cd+2 resulted in a 2.5 fold increase 
in mRNA within 1 hour and this level remained elevated for 24 hours before 
returning to control values (Figure 18A). Twenty seven :M Cd+2 resulted in a 
modest increase in c-fos mRNA and a return to a control value within 2 hours. In 
the 45 :M Cd+2 exposure, there was a 2-fold increase in c-jun mRNA within 1 
hour of exposure and a return to the control value by 24 hours (Figure  
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Figure 17. Expression of c-fos, c-jun, and c-myc in HPT cells acutely exposed to 
Cd+2. HPT cells were exposed to 53.4 :M Cd+2 for 4 hours followed by recovery 
in normal growth medium. Cells were harvested for RNA at the indicated time 
points. (A) Expression of c-fos mRNA assessed by RT-PCR with gene specific 
primers. Shown are the IODs at 25 cycles of PCR. (B) Expression of c-jun mRNA 
assessed at 25 cycles of PCR. (C) Expression of c-myc assessed at 23 cycles of 
PCR. In all cases, expression is normalized to GAPDH. Statistically significant 




Figure 18. Expression of c-fos, c-jun, and c-myc in HPT cells exposed to Cd+2 for 
48 hours. HPT cells were exposed to three levels of Cd+2 (9, 27, 45 :M) for up to 
48 hours and harvested at the indicated time points. (A) Expression of c-fos 
reported as IOD of the DNA PCR product bands at 25 cycles. (B) Expression of 
c-jun assessed at 23 cycles of PCR. (C) Expression of c-myc assessed at 23 
cycles of PCR. In all cases, expression is normalized to GAPDH. Statistically 
significant increase over control. * (p < 0.01). 
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18B). The intermediate exposure resulted in a modest increase in c-jun mRNA 
within 1 hour of exposure and a return to the control value by 16 hours of 
exposure. For c-myc, exposure to 27 and 45 :M Cd+2 induced only about 1.5-fold 
increase in mRNA within 1 hour and the level remained elevated for only 2 hours 
before returning to control values (Figure 18C). Cd+2 exposure to 16 days 
showed that once all three mRNAs had returned to control values within 48 
hours, they remained for an additional 14 days in the continuous Cd+2 exposure 
(Figure 19A-C).  
Expression of MT-3, c-fos, c-jun and c-myc mRNA in confluent HK-2 
cells exposed to Cd+2. Acute and extended time courses identical to those used 
for the HPT cells, were used to determine the expression of MT-3, c-fos, c-jun 
and c-myc mRNA in HK-2 cells exposed to Cd+2. The only difference was in the 
concentration of Cd+2 used in the 16 day time course which was reduced to 0.9, 
2.2 and 4.5 :M due to the differences of sensitivity to toxicity between the cell 
lines (14). It was demonstrated that no MT-3 mRNA or protein could be detected 
from control (Figure 12, lane 9) or Cd+2-treated HK-2 cells (data not shown).  
In contrast to the defference in MT-3 mRNA expression between the HPT 
and HK-2 cells, the expression of c-fos, c-jun and c-myc mRNA was very similar 
between the two cell lines. In the acute Cd+2 exposure and recovery, there was 
an increase in the expression of c-fos, c-jun and c-myc mRNA in the HK-2 cells 
within 1 or 2 hours of exposure returning to control values after Cd+2 removal  
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Figure 19. Expression of c-fos, c-jun, and c-myc in extended Cd+2 exposure of 
HPT cells. HPT cells were exposed to three levels of Cd+2 (9, 27, and 45 :M) for 
up to 16 days and harvested at the indicated time points. (A) Expression of c-fos. 
The IOD from 28 cycles of PCR are shown. (B) Expression of c-jun assessed at 
23 cycles of PCR. (C) Expression of c-myc assessed at 23 cycles. In all cases, 
expression is normalized to GAPDH. Statistically significant increase over 




Figure 20. Expression of c-fos, c-jun, and c-myc in HK-2 cells acutely exposed to 
Cd+2. Cells were exposed to 53.4 :M Cd+2 for 4 hours followed by recovery in 
normal growth medium. (A) Expression of c-fos reported as IOD of the DNA PCR 
product band at 23 cycles. (B) Expression of c-jun assessed at 23 cycles of PCR. 
(C) Expression of c-myc assessed at 23 cycles. In all cases, expression is 
normalized to GAPDH. Statistically significant increase over control. * (p < 0.01). 
 92
 
Figure 21. Expression of c-fos, c-jun, and c-myc in HK-2 cells exposed to Cd+2. 
Cells were exposed to Cd+2 (0.9, 2.2, and 4.5 :M) for up to 24 hours and 
harvested at the indicated time points. (A) Expression of c-fos assessed at 23 
cycles of PCR. (B) Expression of c-jun assessed at 25 cycles. (C) Expression of 
c-myc assessed at 25 cycles of PCR. In all cases, expression is normalized to 
GAPDH. Statistically significant increase over control. * (p < 0.01).  
 93
(Figure 20A-C). When the HK-2 cells were exposed continuously to 0.9, 2.2, and 
4.5 :M Cd+2 for 24 hours, three mRNA levels were all increased early in the time 
course, and returned to control values by 16 to 24 hours (Figure 21), all of which 
was the similar pattern as HPT cells exhibited. Like that found for the HPT cells, 
c-fos, c-jun and c-myc mRNA remained at control levels for an additional 15 days 
in the continuous presence of both lethal and sub-lethal concentrations of Cd+2 
(data not shown). 
 
DISCUSSION  
The goal of the study was to expand on our recent observations that MT-3 
mRNA and protein are expressed in the human kidney and cultured human 
proximal tubule cells (15, 16). While the previous studies had shown that total 
RNA isolated from fresh human kidney tissue contained MT-3 mRNA and that 
MT-3 protein could be immunolocalized in the proximal and other tubules of 
tissue sections, it had not been shown that MT-3 mRNA was present in the 
proximal tubule or the relative level of expression. To accomplish this analysis,  
the proximal tubules were removed from surrounding tissue using laser-assisted 
microdissection, total RNA was isolated from the microdissected proximal tubules 
and MT-3 and $-actin mRNA were determined using RT-PCR. This analysis 
demonstrated that not only was MT-3 mRNA present in the proximal tubule, but 
that it was a very abundant transcript. This conclusion was based on the finding 
that the relative expression of MT-3 was much greater than the $-actin 
housekeeping gene. Thus, these results confirm the presence of MT-3 mRNA in 
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the proximal tubules and also suggest that MT-3 may have an even higher level 
of expression in other tubule cell types of the human nephron. 
The finding that MT-3 is expressed in the human kidney impacts on the 
initial observation that MT-3 was reported to be a brain-specific metallothionein 
(4). It is possible that a new pattern of MT-3 expression was gained in the human 
as a result of evolutionary change. The gene organization and regulation of MT 
are very different between human and rodent models. In the mouse, the 
organization of the MT gene is not complex. The genes encoding the MT-1 and 
MT-2 isoforms are both single copy genes, are located approximately 6 kb apart 
on mouse chromosome 8, are coordinately regulated, and the proteins are 
thought to be functionally equivalent (17, 18). The MT-3 and MT-4 isoforms are 
also single copy genes and are closely linked to, but not coordinately regulated 
with the MT-1 and MT-2 genes on mouse chromosome 8 (4, 19, 20). In the 
human, a gene duplication event took place, in the time scale between mouse 
and man, that greatly increased the complexity of the organization of the human 
MT genes (20, 21). This duplication event was mediated at the level of DNA, and 
not that of RNA, as evidenced by the fact the duplicated genes have intact 5’ 
promoter, regulatory regions and 3’ UTRs. As a result, the human MT locus 
consists of a family of genes located at 16q13 consisting of 10 functional (MT-1A, 
MT-1B, MT-1E, MT-1F, MT-1G, MT-1H, MT-1X, MT-2A, MT-3, MT-4) and 6 non-
functional MT isoforms (MT-1C, MT-1D, MT-1I, MT-1J, MT-1K, MT-1L). That the 
gene duplication event in the human was of practical significance is suggested by 
the fact that the human MT-1 and MT-2 genes are not coordinately regulated and 
 95
have been shown to exhibit unique expression profiles and examples of inducer-
specific and tissue-specific (22, 23, 24, 25, 26, 27, 28, 29), and developmental-
specific (30) regulation have been demonstrated. The human MT-3 and MT-4 
genes in the human are within 85 kb of the other MT genes on human 
chromosome 16 (4, 19). Although there is only limited information currently 
available, it can be hypothesized that the tissue distribution pattern of MT-3 gene 
expression is different between mouse and human due to regulatory differences 
arising from the gene duplication event that occurred in the human MT gene 
locus and MT-3 in human acquires a new function in a specific tissue(s). It was 
reported that baby hamster kidney (BHK) cells expressing MT-1 or MT-3 act 
differently to zinc deficiency (31). In zinc deficiency, MT-1 did not compete with 
essential zinc-dependent proteins and was degraded, whereas MT-3 competed 
for zinc, therby reducing cell proliferation and aggravating zinc deficiency. It 
shows a possibility that the function of MT-3 might be different from that of MT-1.  
The present study also confirmed that exposure of the HPT cells to Cd+2 
induced a transient increase in MT-3 mRNA and extended the induction to 
include a subsequent transient increase in the level of the MT-3 protein. The 
current finding that MT-3 mRNA and protein are induced by Cd+2, coupled with 
the previous study showing induction of MT-3 mRNA by Zn+2 (1), indicates that 
the MT-3 gene in the human proximal tubule is metal responsive. This is an 
important observation since it is in contrast to studies in the mouse which show 
that the level of MT-3 mRNA in the brain was unaffected by both acute and 
chronic exposure of the animal to Cd+2, Zn+2, dexamethasone and 
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lipopolysaccaride at concentrations that result in modest elevations of MT-1 
mRNA (4). It was concluded that the rodent MT-3 gene was not regulated by 
these known strong inducers of the MT-1 and MT-2 isoform genes. There are two 
possible explanations for this discrepancy in metal-regulated MT-3 gene 
expression between the human HPT cells and the organs of the mouse. The 
simplest explanation is that rapid and transient elevation of MT-3 mRNA and 
protein that occurs when the HPT cells are exposed to Cd+2 would be easily 
missed in an animal model study. Whereas, a rapid and transient induction is 
very easy to model and detect in a cell culture based system, the same induction 
would be very difficult to detect in a whole animal study unless the experimental 
design was specifically planned to look for such an alteration. The second 
explanation would be that there is a difference in the responsiveness of the MT-3 
gene by metals between the two species. The possibility for a species 
divergence in MT-3 regulation is increased by the finding that MT-3 has 
appreciable basal expression in the epithelial cells of the human renal system but 
not in the corresponding renal cells of the mouse (2, 4). Regardless of 
explanation, this study demonstrates that MT-3 expression is transiently 
increased in HPT cells exposed to lethal and sub-lethal concentrations of Cd+2.  
The silencing elements in the promoter are that they may induce a 
conformational change causing an inhibitory effect on protein-protein interaction. 
It was found that a CTG repeat, one of the silencing elements, in the MT-3 
promoter is not present in the human MT-3 gene (4), that only 4 repeats are 
present in the rat gene (12), and that the number of the CTG repeat is variable in 
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mice (13). It implies that MT-3 in HPT is not negatively regulated by CTG repeat, 
providing a possibility that MT-3 is transiently induced by Cd+2. In addition, 
epigenetic modification, such as DNA methylation, can negatively regulate gene 
expression. Therefore, it would be valuable to search for any methylations in the 
MT-3 promoter of HPT cells.  
The transient increase in MT-3 mRNA and protein that occurred following 
exposure of the HPT cells to Cd+2 is unique compared to that of the MT-1 and 
MT-2 isoforms. From the literature (8, 13) and studies on the HPT cells (14, 32), 
Cd+2 exposure classically results in a large, sustained elevation in levels of the 
MT-1 and MT-2 proteins so long as the cells remain exposed to the metal. 
Specifically, when the HPT cells were exposed to Cd+2, MT-1 and MT-2 protein 
accumulation increased at both lethal and sublethal concentrations of Cd+2 for 16 
days or until cell death (14, 32). In contrast, under identical conditions of 
exposure, MT-3 accumulation in HPT cells initially increased, but returned to 
control values 48 hrs into the time course despite the continued presence of 
lethal and sublethal concentrations of Cd+2. This pattern of MT-3 expression in 
the HPT cells was similar to that seen previously for the hsp 27, hsp 60, and hsp 
70 heat shock proteins when the HPT cells were exposed similarly to Cd+2 (9, 10, 
11). The expression patterns of MT-3 and the hsps were also identical in that 
they all remained at control values in the continued presence of both lethal and 
sublethal concentrations of Cd+2 for 16 days or until cell death. However, there 
was one aspect of MT-3 expression in the classical chemical stress protocol that 
was not shared with the heat shock proteins. When the HPT cells were exposed 
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to 53.4 µM Cd+2 for 4 hrs followed by a recovery period, the hsps demonstrated 
the classical increase in both hsp mRNA and protein that extended well into the 
recovery period. In contrast, under identical conditions of exposure to Cd+2, while 
MT-3 mRNA was increased similar to the hsps, there was no increase in the level 
of the MT-3 protein. This would suggest that the continued presence of Cd+2 is 
required for the transient expression of the MT-3 protein. 
The fact that MT-3 has been found to be overexpressed in several human 
cancers suggested the possibility that the growth regulatory activity of MT-3 
could extend beyond the neural system. In human prostate cancer, MT-3 
overexpression has been shown in a subset of tumors, with degree of expression 
correlating to tumors with higher Gleason scores (2, 3). In bladder cancer, MT-3 
overexpression was found in all human bladder cancers and the degree of 
overexpression correlated to tumor grade (33). In human breast cancer, MT-3 
overexpression has been shown in a subset of tumors and expression correlated 
with disease outcome (34). These observations linking MT-3 expression to the 
loss of growth control, suggested that MT-3 might have an expression pattern 
similar to the early response genes. To test this possibility, the expression of c-
fos, c-jun and c-myc mRNA was determined in parallel to that of MT-3 during the 
time courses of exposure of the HPT cells to Cd+2. It has been shown previously 
that the immortal LLC-PK1 cell line derived from porcine kidney has increased 
expression of the c-fos, c-jun and c-myc mRNAs following acute exposure to 
Cd+2 (35). It was demonstrated that the expression of the three early reponse 
genes was very similar to that of MT-3 mRNA. That is, there was a rapid, 
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transient increase in the expression of  c-fos, c-jun and c-myc mRNA that 
returned to control values in the continued presence of Cd+2. It was reported that 
changes of early response gene expression in normal human prostate epithelial 
cells appears to be the initiation of apoptosis (36). Also, it was suggested that 
apoptotic processes may be involved in Cd+2-induced nephrotoxicity (37). 
Although, the mechanism of Cd+2-induced apoptosis is not clear yet, it was 
shown that proto-oncogenes c-myc and c-jun participate in the Cd+2-induced 
apoptosis (38). Thus, it can be hypothesized from this study that MT-3 is 
transiently induced by Cd+2 to activate an apoptotic signaling pathway in HPT 
cells, thereby eliminating damaged cells. While a circumstantial observation, 
when coupled with the alterations of MT-3 expression in three human cancers, it 
argues that some consideration should be given to the possibility that the growth 
regulatory activity of MT-3 noted in the neural system may also be active in non-
neural tissues that express MT-3. 
Lastly, the HK-2 cell line was assessed in parallel studies for the Cd+2-
induced expression of MT-3. The HK-2 cells are immortal, available from the 
ATCC and easy to maintain in the laboratory. This is in contrast to the HPT cells 
which are mortal and not as widely available due to the high cost of purchase or 
the need to have access to human tissue resources. The HK-2 cells were shown 
to have no Cd+2-induced expression of MT-3, but they did retain the basal and 
Cd+2-induced pattern of early response gene expression found in the HPT cells. 
Thus, while the HK-2 cells will not serve as a model to study the effects of metal 
exposure of MT-3 expression, they may provide a valuable model system to 
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study the effects that stable transfection and subsequent overexpression of MT-3 
has on an MT-3 negative cell line that retains differentiated features of the 
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It was shown that MT-3 tissue-specific gene expression is broader than 
previously reported, that is, in the rat, MT-3 mRNA was reportedly expressed 
mainly in the brain and in other organs, such as testis, prostate, ovary, stomach, 
and heart, but not in kidney (1). However, MT-3 mRNA was present in total RNA 
isolated from human kidney tissue and cultures derived from the human proximal 
tubule (2). Basal level of MT-3 expression and its transient inducibility by Cd+2 in 
HPT were confirmed in the previous chapter (Title : Transient Induction of 
metallothionein Isoform 3, c-fos, c-jun and c-myc in human proximal tubule cells 
exposed to cadmium) of this dissertation. Like other MTs, MT-3 might provide 
Cd+2 resistance in HPT cells, since it also has highly conserved 20 cysteines and 
can sequester metals (3). HPT cell cultures retain many of the structural and 
functional features of differentiation expected of cells derived from the proximal 
tubule (4) and could serve as a good model to study Cd+2-induced nephrotoxicity. 
These cells upon reaching confluency halt proliferation and become highly 
polarized due to tight junction formation and are capable of vectorial active 
transport as noted by dome formation (5). The immortal HK-2 cell line which is 
derived from cultures of HPT cells retains many features of the proximal tubules 
but lacks vectorial active transport (5). The goal of this chapter was to determine 
if MT-3 is involved in the resistance of cells to the toxic effects of the heavy 
metal, Cd+2, and to determine if MT-3 participates in the maintenance of proximal 




Increased susceptibility of human proximal tubule cells to cadmium 
by treatment with a MT-3 antisense oligonucleotide. Transient transfection of 
MT-3 antisense oligonucleotide into mortal HPT cells was performed to see if 
down-regulation of MT-3 expression renders increased susceptibility to Cd+2 
(Figure 22). Random antisense oligonucleotide, MT-2A antisense 
oligonucleotide, and MT-3 antisense oligonucleotide were used for the 
experiment (6). The sequences of three antisense oligonucleotides are listed in 
Materials and Methods. The sub-lethal concentration (3 :g/ml) of Cd+2 was 
exposed to the HPT cells as a control. The same concentration of Cd+2 was 
exposed to the three groups of HPT cells following three different antisense 
oligonucleotides were incubated with lipofectin in each group. There was about 
10-30 % reduction of MT-3 mRNA level in control, and MT-2A antisense 
oligonucleotide groups by the treatment of Cd+2 (Figure 22A). However, MT-3 
mRNA was reduced by 50% in MT-3 antisense oligonucleotide group by Cd+2. 
Also, MT-3 protein level decreased about 40% in MT-3 antisense oligonucleotide 
group by Cd+2 treatment (Figure 22B). In contrast, no MT-3 protein level 
decreased in other three groups. Cell numbers per field were reduced by 25% in 
control, 30% in random antisense oligonucleotide, and 30% in MT-2A antisense 
oligonucleotide group by the treatment of Cd+2 (Figure 22C). However, the cell 
numbers were decreased by 60% in MT-3 antisense oligonucleotide group 
exposed to Cd+2. This result suggested that down-regulation of MT-3 increased 
the susceptibility of HPT cells to cadmium exposure, and it implied that MT-3  
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Figure 22. Inhibition of HPT cell growth by MT-3 antisense oligonucleotide. No 
antisense oligonucleotide (CTR), random antisense oligonucleotide (RO), MT-2A 
antisense oligonucleotide (MT-2A AO), or MT-3 antisense oligonucleotide (MT-3 
AO), was transiently transfected into HPT cells for 48 hours. Then, the cells were 
incubated with 3 :g/ml Cd+2 for another 24 hours and MT-3 mRNA expression 
(A), MT-3 protein expression (B), and cell numbers (C) were measured. 
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might be involved in the protection of HPT cells against Cd+2 toxicity at least in 
part. In MT-2A antisense oligonucleotide group, the reduction of cell numbers by 
Cd+2 was not much lower than those in control or random antisense 
oligonucleotide group (Figure 22C). Probably, it is because MT-2A antisense 
oligonucleotide did not work effectively in the cells or because highly induced 
MT-1 isoform by Cd+2 could still protect HPT cells, even though MT-2A mRNA is 
down-regulated by MT-2A antisense oligonucleotide. 
Expression of MT-1 and MT-2 in the immortalized human proximal 
tubule cell line, HK-2. Stable transfection technology is considerably valuable to 
study the function(s) of the gene of interest. HK-2 was chosen as a HPT cell line 
for MT-3 gene to be stably transfected, since basal MT-3 mRNA expression was 
not detected in the cell line (Figure 12, lane 9). The basal mRNA expression of 
other MTs in HK-2 was investigated (Figure 23A, B, C). HK-2 exhibited the 
expression of three major mRNAs of MT-1E, MT-1X, MT-2A, but not those of 
MT-1A, MT-1G, and MT-4 (data not shown). The patterns and the levels of MT-1 
and MT-2 isoform mRNA expression in HK-2 are similar to those in HPT cells. 
Therefore, these results showed that only MT-3 mRNA was not expressed in HK-
2 cells compared to HPT cells.   
MT-3 mRNA and protein expression in HK-2 cell line stably 
transfected with MT-3 gene. Since the HK-2 cells were shown to have no 
expression of MT-3 mRNA or protein, this cell line was used as a recipient for 
stable transfection with a vector designed to overexpress the MT-3 gene. The 




Figure 23. RT-PCR analysis of MT expression in HK-2 cell line. The band of RT-
PCR product of MT-1E (A), MT-1X (B), MT-2A (C), or GAPDH (D) is on the right 




PCR, blunt end ligated into the EcoR V site of pcDNA3.1/Hygro(+), and linearized 
by Fsp I prior to transfection of the HK-2 cells. The HK-2 cells were transfected 
with the MT-3 plasmid construct in the sense orientation or with the vector alone 
using the Effectene protocol followed by selection in hygromycin B-containing 
growth medium. Five clones containing the MT-3 sequence, 2 clones containing 
the vector only sequence, and 1 clone of the wild type HK-2 cells were selected 
for further characterization. MT-3 mRNAs were not detected in the HK-2 cells 
transfected with pcDNA 3.1/Hygro (+) alone (Figure 24; V1 and V2, respectively). 
However, mRNAs of MT-3 were detected in the HK-2 cells transfected with MT-3 
in pcDNA 3.1/Hygro (+) (Figure 24; C1-C5). Likewise, in contrast to the HK-2 
cells parental and transfected with pcDNA 3.1/Hygro (+) alone (Figure 24; P, V1 
and V2), all five MT-3 clone cells expressed MT-3 proteins at the levels of 2 to 10 
ng/:g protein (Figure 24; C1-C5).  
MT-3 in HK-2 cells in restoration of vectorial active transport. An 
examination of a routine light level morphology of the cells was performed as 
they proliferated and attained confluency. The light level morphology of the HK-2 
cells possessing the MT-3 construct were similar during growth, but markedly 
altered at confluency as noted by the formulation of domes (arrow), structures 
not present in either the vector-only control cells or in the HK-2 parent cells  
(Figure 25A, B, C). The presence of domes are a routine feature of the HPT cells 
(Figure 25D) (7). The formation of domes are a hallmark of cultured renal 
epithelial cells that retain the in situ property of vectorial active transport (7).  
Each of the five MT-3 transfected clones were noted to form domes, while  
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Figure 24. Overexpression of MT-3 mRNA and protein in HK-2 cell line. MT-3 in 
pcDNA 3.1/Hyg (+) was transfected into HK-2 cell line which has no endogenous 
expression of MT-3. The transfected cells were selected with 30 :g/ml of 
hygromycin and 5 hygromycin-resistant clone cells were grown in 6-well plate to 
obtain the total mRNA and proteins. RT-PCR analysis (A) and Immuno-dot blot 
analysis (B) of HK-3 parental, vector alone and MT-3 clone cells were given. 
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Figure 25. Light level morphology of HK-2 cells with and without MT-3 
expression. (A) HK-2 stably transfected with MT-3 (Clone #2). Arrows designate 
the presence of domes. (B) HK-2 stably transfected with the vector without MT-3. 
(C) HK-2 parental cells. (D) Normal HPT cells exhibiting domes (arrows). Cells 
were passaged at a 1:2 raio and allowed to attain confluency for two weeks. 
Original magnification x40. 
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Figure 26. MT-3 expression and dome formation in MT-3 transfected clones. 
Each MT-3 expressing clone (designated C1 through C5) and two vector only 
transfected clones (V1 and V2) were passaged 1:2 in 25 cm2-T flasks. Pictures 
were taken and the cells were harvested for protein and RNA at 1, 2, and 3 
weeks. (A) Average cell count. (B) Number of domes per 4x objective field (Mean 
± SE of three 4x objective fields). (C) MT-3 mRNA expression assessed by RT-
PCR. Shown are the IOD of the MT-3 PCR product band at 30 cycles normalized 
to that of g3pdh at 30 cycles of PCR. (D) MT-3 protein expression. Protein 
extracts were prepared from cells at 1, 2, and 3 weeks, and assessed for levels 
of MT-3 protein by immuno-dot blot. 
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neither the vector-only control cells or parental cells were noted to form any 
domes. The growth rates of the MT-3 expressing HK-2 clones, the vector-only 
controls and the parental cells were all similar and the cells attained confluency 
within 4 days following a 1:2 subculture (data not shown). Upon reaching 
confluency, the MT-3 expressing HK-2 cells did appear to become more tightly 
packed compared to control cells (Figure 26A), resulting in higher cell numbers 
per field. The extent of dome formation, MT-3 mRNA, and MT-3 protein 
expression were determined 7, 14, 21 days after subculture at a 1:2 split ratio for 
each of the 5 clones of HK-2 cells stably transfected with the MT-3 coding 
sequence and the 2 clones of vector-only control cells. Each of the 7 cultures 
were shown to have attained confluency 7 days following cell culture and to 
remain contact inhibited for 14 additional days (Figure 26A). The 5 clones of HK-
2 cells transfected with the MT-3 coding sequence were all shown to reach a 
higher saturation density at confluent (cells per unit area) than the HK-2 cells 
transfected with the vector-only control (Figure 26A). This difference in 
confluency was quite marked between the two sets of cultures, being increased 
by approximately 50% for the MT-3 transfected cells. There was no dome 
formation in any of the 7 cultures one week following subculture (Figure 26B). At 
14 and 21 days, all 5 clones of HK-2 cells containing the MT-3 coding sequence 
had formed domes, while neither of the 2 vector-only controls had domes (Figure 
26B). The number of domes per unit area was similar among 4 of the 5 HK-2 
clones containing the MT-3 sequence, while one clone (#4) had a reduced level 
of dome formation. Visual observation of the respective cultures suggested the 
 117
higher cell density of the MT-3 transfected cells to be due to a tighter packing of 
the cells within the monolayer compared to control cells, rather than a 
multilayering of the MT-3 transfected cells. The expression of MT-3 mRNA was 
elevated approximately 3 – 4 fold when compared relative to that of the g3pdh 
housekeeping gene and expression was not influenced by the time the cells were 
maintained at confluency (Figure 26C). In general, the expression of MT-3 
protein followed that of MT-3 mRNA in the 5 clones of HK-2 cells stably 
transfected with MT-3 (Figure 26D). One of the clones (#4) possessing reduced 
expressions of MT-3 mRNA (approximately equal to g3pdh expression) and MT-
3 protein, was also noted to produce less dome formation than the other MT-3 
expression clones did. The MT-3 protein expression in the 5 HK-2 clones was 
increased 5 to 15 fold over that present in the HPT cells under basal conditions 
of growth. The 2 vector-only control clones demonstrated no expression of MT-3 
protein at any of the 3 time points. 
 
DISCUSSION  
An opportunity to begin to determine the functional significance of MT-3 
expression in the proximal tubule was provided by the finding that the 
immortalized human proximal tubule cell line, HK-2, did not express detectable 
MT-3 mRNA or protein. This was a fortuitous finding since the HK-2 cell line is 
one of the few immortal human cell lines that have been isolated from primary 
proximal tubule cultures derived from adult kidneys (8). It retains many of these 
features associated with the proximal tubule and mortal cultures of HPT cells. 
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This includes positivity for alkaline phosphatase, (-glutamyltranspeptidase, 
leucine aminopeptidase, acid phosphatase, cytokeratin, "3$1 integrin, and 
fibronectin; and negativity for Factor VIII-related antigen, 6.19 antigen and 
CALLA endopeptidase. The HK-2 cells also displays sodium-dependent glucose 
transport and adenylate cyclase responsiveness to parathyroid hormone but not 
to antidiuretic hormone. A feature not present in the parent HK-2 cell line was the 
ability to retain the in situ property of vectorial active transport as evidenced by 
dome formation by confluent cell monolayers. The three requirements of dome 
formation are the functional plasma membrane polarization, the formation of 
occluding junctions (tight junctions), and the vectorial transepithelial active ion 
transport (9). It is presently unknown which of these processed are deficient in 
the cultures of the HK-2 cells. However, when the HK-2 cell line was stably 
transfected with a vector containing the MT-3 coding sequence under the control 
of the CMV promoter, dome formation was induced in the HK-2 cell line. This 
finding provides the first indication that MT-3 could be of functional significance in 
the proximal tubule as it relates to vectorial active transport. 
The induction of dome formation in the HK-2 cell line by stable transfection 
with MT-3 was reproducible, with dome formation being present in the cultures 
derived from 5 independent clones, all of which were chosen for analysis before 
measurement of MT-3 expression. In 4 of 5 cultures, the extent of doming was 
very similar as were the corresponding levels of MT-3 mRNA and protein. In the 
culture from the one clone that exhibited a reduced incidence of dome formation, 
there was a corresponding reduced expression of MT-3 mRNA and protein. 
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However, the fact that this culture, which expressed lower levels of MT-3, still 
formed domes is important because the level of both doming and expression of 
MT-3 protein are closer to that noted to occur in the HPT cell cultures. No dome 
formation was noted in HK-2 cells transfected with the vector containing no MT-3 
coding sequence. The induction of dome formation appears to be specific for MT-
3, since the HK-2 cells do express basal levels of mRNA for the MT-2A, MT-1X, 
and MT-1E genes at levels similar to those found in the HPT cells and in identity 
with those found in total RNA from fresh kidney tissue (unpublished observation). 
The only other obvious effect that MT-3 expression had on the HK-2 cells was 
that they appeared to pack more tightly into the monolayer than the parent cell 
line. MT-3 overexpressing HK-2 clone cells inducing dome formation and packing 
tightly into the monolayer and HPT cells expressing basal MT-3 were more 
resistant to Cd+2 than HK-2 cells expressing no MT-3, and MT-3 antisense 
oligonucleotide could enhance sensitivity to Cd+2 in HPT cells. These results 
demonstrated that MT-3 contributed HPT cells to resist against Cd+2-induced 
nephrotoxicity by forming domes and packing tightly, thereby possibly reducing 
Cd+2 uptake and/or increasing Cd+2 efflux, as well as by metal-chelating. It is not 
known either Na+-K+ ATPase is functional or MT-3 restores Na+-K+ ATPase 
activity in HK-2 cell line. However, at least, MT-3 retrieved tight junction, because 
morphologically all 5 MT-3 transfected HK-2 cells packed more tightly in a well-
ordered form.  
A study on rat mammary cell line demonstrated that there are three gene 
products involved in dome formation (10). Epithelial Na+ channel appears to be 
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directly reponsible for dome formation and a gene of 133 negatively regulates 
Na+ channel expression, removing domes. The continuous expression of another 
independent gene of rat8 is necessary for domes. Of course, further studies will 
be required to determine the mechanism underlying the induction of dome 
formation by expression of the MT-3 gene in HK-2 cells.  
In conclusion, this study provides the first evidence that MT-3 expression 
is involved in the transport function of a human renal cell line retaining properties 
of the proximal tubule. 
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CELL CULTURE REAGENTS AND SOLUTIONS 
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Dulbecco's Modified Eagle Medium (DMEM) 
Low glucose DMEM (Gibco-BRL, Rockvillle, MD., Cat No. 31600-75) with L-
glutamine and sodium pyruvate (100 mg/ml) but without sodium bicarbonate, was 
stored in powdered form at 4°C. To prepare 5 liters of DMEM, 49.9 g of medium 
powder was dissolved in 4,945 ml of filtered water in a 6 liter flask with constant 
stirring. To this solution, 50 ml of penicillin streptomycin (Gibco-BRL, Cat 
No.15140-122), 5 ml of Fungizone (Gibco-BRL, Cat No.15295-017) and 18.5 g 
of sodium bicarbonate (Gibco-BRL, Cat No.11810-033) were added. The solution 
was stirred for 30 minutes at room temperature and then sterile filtered under a 
fume hood using a 0.2 :m Acrocap filter (Gelman Laboratory, Ann Arbor, MI, 
USA. Cat. No. PN4480). Filtered medium was stored in 500 ml aliquots at 4°C for 
up to six months. 
Ham's F-12 Nutrient Mixture  
Ham’s F-12 Nutrient Mixture (Gibco-BRL, Cat No. 21700-109) with L-glutamine, 
but without sodium bicarbonate, was stored in powdered form at 4°C. To prepare 
5 liters of F-12 Medium, 53.1 g of medium powder was dissolved in 4,945 ml of 
filtered water in a 6 liter flask with constant stirring. To this solution 50 ml of 
penicillin streptomycin, 5 ml of Fungizone and 5.88 g of sodium bicarbonate 
were added. The solution was stirred for 30 minutes at room temperature and 
then sterile filtered under a fume hood using a 0.2 :m Acrocap filter. Filtered 
medium was stored in 500 ml aliquots at 4°C for up to six months. 
Phosphate Buffered Saline (1x PBS)  
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To make 5 liters of 1x PBS, 42.5 g of NaCl (Sigma, Cat No. S-9888) was 
combined with 0.6 g Na2HPO4 (Fisher Scientific, Fair Lawn, NJ, USA. Cat No. S-
374) and 0.12 g NaH2PO4  (Fisher Scientific, Cat No. S-369) in a total volume of 5 
liters of filtered water.  PBS was aliquoted into 500 ml bottles and autoclaved. 
PBS was stored for up to one year at 4°C. 
Serum-Free Medium Additives 
 




Bedford, MA, USA.   
(Cat No. 40310) 
1000x Concentration (5 mg/ml) 
Reconstituted in sterile H2O 
Transferrin  
(T) 
Collaborative Biomed  
(Cat No. 40204) 
1000x Concentration (5 mg/ml) 
Reconstituted in sterile H2O 
Selenous Acid 
(S) 
Collaborative Biomed  
(Cat No. 40201) 
1000x Concentration (5 :g/ml) 






(Cat No. T5516) 
1000x Concentration (4 pg/ml) 
Reconstituted in DMEM and 0.01N 
NaOH (20 :g/ml). Final dilution (4 




(Cat No. H0135) 
1000x Concentration (36.4 :g/ml) 





(Cat No. 13247-051) 
100x Concentration (1mg/ml) 
Reconstituted in sterile PBS 
L-Glutamine Gibco-BRL. (Cat No. 25030-081) 
100x Concentration  (29.2 mg/ml in 
0.85% NaCl) Direct aliquot 
 
Nitex Cloth  
Circles of Nitex cloth with 11.0-cm filter paper were cut as a template. Plastic 
funnel and Nitex filters (3-4 needed/isolation) in a small amount of water were 
autoclaved. It was used as a paper filter to remove tissue fragments from 
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PCR PRIMERS 
UP Primer LOW Primer Gene Vendor 











































































(219 bp) Gibco-BRL 0.1 :M
5'CTCGAAATGG 




(287 bp) Gibco-BRL 0.1 :M
5'GCTTGTCTTG 




(284 bp) Gibco-BRL 0.1 :M
5'GCTTGTTCGT 




(232 bp) Gibco-BRL 0.1 :M
5'AGTCTCTCCT 





(309 bp) Gibco-BRL 0.1 :M
5'CTTCTCGCTT 




(315 bp) Gibco-BRL 0.1 :M
5'CCTCTTCTCT 




(151 bp) Gibco-BRL 0.4 :M
5'TCTCCTTGCC 




(259 bp) Gibco-BRL 0.1 :M
5'CCGACTCTAG 














(213 bp) Gibco-BRL 0.1 :M
5'CATGGACCCC 
































Heat shock protein (hsp) and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) primers pairs were obtained from StressGen (Victoria, British 
Columbia, Canada) and Clonetech (Palo Alto, CA, USA), respectively. The 
selection of metallothionein primer pairs for RT-PCR was described by Mididoddi 
et al. ((1996) Toxicol Lett. 85(1):17-27).  
 
PCR TEMPERATURES AND CYCLES 
 
PCR Product Denaturation Optimal Cycles 
Metallothionein 
1A, 1B, 1F, 1G, 
1H, 3, 4 
95°C for 2 min 95°C for 30 sec 68°C for 30 sec 
30, 35 and 
40 cycles 
Metallothionein 
1E, 1X, 2A 95°C for 2 min
95°C for 30 sec 
68°C for 30 sec 
25, 30 and 
35 cycles 
hsp 27 95°C for 2 min 95°C for 30 sec 58°C for 30 sec 
18, 20 and 
22 cycles 
hsp 60 95°C for 2 min 95°C for 30 sec 58°C for 30 sec 
25, 30 and 
35 cycles 
hsc 70, hsp 70A, 
70B and 70C 95°C for 2 min
95°C for 30 sec 
50°C for 30 sec 
25, 30 and 
35 cycles 
Clontec GAPDH 95°C for 2 min 95°C for 30 sec 68°C for 30 sec 
25, 30 and 
35 cycles 
c-fos, c-jun and  
c-myc 95°C for 2 min
95°C for 30 sec 
60°C for 30 sec 
72°C for 30 sec 
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1X SDS LYSIS BUFFER 
Two gram of sodium dodecal sulfate (SDS, Fisher Scientific, Cat No. 
BP166-500) was dissolved in 100 ml of the 50 mM Tris-Cl solution (pH 6.8) 
prepared by dissolving Tris base (Fisher Scientific, Cat No. BP152-5) in distilled 
water and adjusting its pH with concentrated HCl. The mixture was stirred until 
the 2% SDS was completely dissolved.  
COMPONENTS OF POLYACRYLIMIDE GELS 
Reagent 
12.5% SDS 
Resolving Gel  
(1.5 mm thick) 
4% SDS  
Stacking Gel  
(1.5 mm thick) 
dH2O 2.55 ml 2.44 ml 
1.5 M Tris-Cl (pH 8.8) 2 ml - 
0.5 M Tris-Cl (pH 6.8) - 1 ml 
10% SDS solution 80 :l 40 :l 
30% Bis Acrylamide 
(BioRad Laboratories, 
Cat#161-0158) 
3.33 ml 0.52 ml 




4 :l 4 :l 
 
COMPONENTS OF 4X SDS LOADING DYE 
200 mM Tris-Cl (pH 6.8) 
400 mM dithiothreitol (Sigma, Cat No.150460) 
8% SDS (Fisher Scientific, Cat No. BP166-500) 




2.9 g of glycine (Fisher Scientific, Cat No. BP381-1) 
5.8 g of Tris base (Fisher Scientific, Cat No. BP152-5) 
0.37 g of SDS 
200 ml of 100% methanol (Fisher Scientific, Cat No. A452-4) 
dH2O to make 1 liter (pH 8.3). 
ANTIBODIES FOR THE DETECTION OF HEAT SHOCK PROTEINS (HSP) 
PRIMARY ANTIBODIES 
Mouse anti-hsp 27 antibody, 1:500 dilution in 45 ml 
450 :l of 10% bovine serum albumin (BSA, Fischer Scientific, Fair Lawn, NJ, 
USA. Cat No. BP1605-100), 225 :l of 4% NaN3, 45 :l of Anti-hsp 27  
(StressGen, Cat No. STM-800), 1x PBS to 45 ml. 
Anti-hsp 60 antibody, 1:2000 dilution in 50 ml  
450 :l of 10% BSA, 225 :l of 4% NaN3, 25 :l of Anti-hsp 60  (StressGen, Cat No. 
STM-806), 1x PBS to 50 ml. 
Rat anti-hsc 70 antibody, 1:2000 dilution in 45 ml 
450 :l of 10% BSA, 225 :l of 4% NaN3, 22.5 :l of Anti-hsc 70  (StressGen, Cat 
No. SPA-815), 1x PBS to 45 ml. 
Mouse anti-hsp 70 antibody, 1:2000 dilution in 50 ml  
1.5g of condensed milk (5%), 225 :l of 4% NaN3, 25 :l Tween-20 (0.05%), 25 :l 




Anti-Mouse antibody 1:2000 dilution in 45 ml 
450 :l of 10% BSA (0.1%), 225 :l of 4% NaN3, 22.5 :l of Anti-Mouse antibody (1 
:g/ml) (Promega Corp., Madison, WI, USA. Cat No. S372B), 1x PBS to 45 ml. 
Anti-Rat antibody 1:2000 dilution in 45 ml 
450 :l of 10% BSA (0.1%), 225 :l of 4% NaN3, 22.5 :l of 1 :g/:l Anti-Rat 
antibody (Promega Corp., Cat No. S3831), 1x PBS to 45 ml. 
ANTIBODIES FOR THE DETECTION OF METALLOTHIONEIN PROTEINS 
MT-I/II, E9 Antibody (1:100 dilution), Primary Antibody 
4.5 ml of 10% BSA, 225 :l of 4% NaN3, 450 :l of E9 MT-I/II antibody  (DAKO 
Corp., Carpinteria, CA, Cat No. M0639), 1x PBS to 45 ml. 
Anti-Mouse IgG Antibody (1:500 dilution), Secondary Antibody 
1.8 ml of 10% BSA, 225 :l of 4% NaN3, 90 :l of anti-mouse antibody (1 :g/ml) 
(Promega, Cat No. S372B), 1x PBS to 45 ml. 
MT-3 Polyclonal Antibody (1:100 dilution), Primary Antibody 
9 ml of 10% BSA, 225 :l of 4% NaN3, 112.5 :l of 2 :g/:l metallothionein 3 anti-
rabbit antibody, 1x PBS to 45 ml. The synthesis of the metallothionein 3 anti-
rabbit antibody has been described previously (Garrett, et al. (1999) Toxicol Lett. 
105(3):207-214). New Zealand White rabbits were immunized with a peptide 
(GGEAAEAEAEKC) corresponding to MT-3 amino acids 53-64 that contain the 
MT-3 unique amino acid insert. The dodeca-peptide was conjugated through the 
C-terminal sulfhydryl group to keyhole limpet hemocyanine using 
maleimidobenzoyl-N-hydrosuccinimide ester. The MT-3 antibody was affinity-
purified using the dodecapeptide linked to a SulfoLink gel (Pierce, Rockford, IL) 
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through the C-terminal cysteine residue. The MT-3 antibody has been shown to 
selectively bind to both tissue sections (immunohistochemical localization) and 
protein extracts (Western blot analysis) of human brain. 
Anti-Rabbit Antibody (1:500 dilution), Secondary Antibody 
1.8 :l of 10% BSA, 225 :l of 4% NaN3, 90 :l of 1 :g/ml anti-rabbit antibody 
(Promega, Cat No. S3831), 1x PBS to 45 ml. 
 
ALKALINE PHOSPHATASE BUFFER 
Alkaline phosphatase buffer for use with the Vectastain ABC-AP detection kit 
(Vector Laboratories, Burlingame, CA, USA) was a solution of 100 mM Tris-HCl 
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